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© High power optical fiber. 



© An optical fiber for use with high power infrared radiation. The cladding, which may be restricted to the ends, 
consists of alternating layers of different refractive indices. Preferably the core is a crystalline haiide of silver, 
thallium or cesium, one of the alternating cladding layers is crystalline lead fluoride and the other alternating 
cladding layer is crystalline germanium or silver haiide. The middle portion of the core may be not covered by 
the cladding or covered by fewer layers. A metal layer may cover the cladding. A resin layer having a refractive 
index not larger than those of the cladding layers may cover the cladding. 



FIG. 8 
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HIGH POWER OPTICAL FIBER 

BACKGROUND OF THE INVENTION 



Feld of the Invention 

5 

The present invention relates to an optical fiber for transmitting infrared light with low loss. 
The present invention also relates to an infrared-ray optical fiber with high mechanical stabiity and cw 
transmission loss. 

10 

Background of the Invention 

Carbon dioxide laser light has been used for various purposes in the fields of industrial processing and 
medicine becaues it can generate high power. 

75 The CO2 laser light has been led to an object through a combination of mirrors or the like in order to 
prevent the light power from being attenuated. However, revolute mirrors are inconvenient to hanoie and 
difficult to use. The desire has increased to use a flexible optical fiber as a transmission line of the CO2 
laser. However, optical fibers such as silica glass fibers can not be used for transmitting the carbon cioxide 
laser light, because the wavelength of the light has a large value of 10.6 micrometers. 

20 Recently, optical fibers for transmitting infrared light with low loss have been developed. Such infrared 
light fibers are roughly classified into the two groups of crystal fibers and glass fibers. The group of crystal 
fibers inludes those made of thallium halides (for example TIBr, Til, TICK and mixed crystals thereof), those 
made of alkali halides (for example, Csl, Cs8r, KBr, etc.), and those made of silver halides (for sxampie, 
AgBr, Agl, AgCI, and mixed crystals thereof). The group of glass fibers includes those made of chai- 

25 cogenide glass mainly containing Ge-S, Ge-Se, As-S, As-Se or the like. 

Silica glass fibers for visible light or near infrared light have the property of low loss and are aasy :o 
manufacture and convenient to prepare long size. However, the above infrared-ray optical fibers capable of 
trasmitting CO2 laser light disadvantageous^ have a high absorption property and, compared with the silica 
glass fibers, are difficult to manufacture in small diameter and long length. 

30 8ecause C02 laser light is used for its light power and because it is unnecessary in many cases to 
transmit the light power over a long distance, flexible infrared-ray optical fibers may be useful even if they 
are short in length. Even if the fibers are about one meter in length, the optical fibers are useful. 

The carbon dioxide laser light is stronger in light power compared with other laser light and oscillates 
continuously. Accordingly, the absolute quantity of power traveling through the fiber is very large. 

35 Accordingly, a problem exists in that the fiber is intensively heated and is injured if even a little absorption 
occurs at the fiber. 

In the case of a silica optical fiber or the tike for guiding visible light or near infrared light, the optical 
fiber generally has a double structure of a high refractive core and a low refractive cladding formed around 
the core. 

40 If the difference in refractive index between the clad and the core is very large, many modes of light are 
undesirably propagated. The advantage of the silica glass fibers exists in that the condition of propagation 
is not disturbed by external cc-ditions because of the presence of the cladding. In the case of infrared-ray 
optical fiber, it is difficult to or n a proper cladding material corresonding to a core material. 

Although it has been de oed above that crystal fibers made of thallium halide, alkali haiide or silver 

45 haiide have been developed as infrared-ray optical fibers, most of those crystal fibers have a single 
structure of a core formed of such a material. In other words, most of those crystal fibers have no cladding 
but only air functioning as a cladding. 

Fig. 1 shows such a fiber having nothing but a core 1. Because it is considered that air forms a 
cladding, such a structure is often called "air clad structure". That is, the air forms a cladding with a 

50 refractiv index of 1 . 

In this drawing, th silver bromide core 1 (refractive ind x: 2.2) is surrounded by air (refractive index: 1). 
Because th air efficiently transmits infrared light and is low in refractive index, the air functions as a 
cladding. 

As shown in fig. 2, an infrared material lower in refractive index than the cor material has alternatively 
been us d as a cladding 2. 

2 
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In this example, the core 1 5 made :r silver bromide :AgBr). Its refractive .ndex -.3 2 2 .v-n -escec: *: 
:arbon dioxide iaser iignt. T 'ne ciaacing 2 is mace of silver chloride (AgCl). its refractive -ndex 3 ' 33 v 
respect to the same ight. The term "refractive index' 1 used :n 'his description means a -erracti^e rce< •■■ '~ 
respect to ;he wavelength of :arbon dioxice laser ight. Furthermore, as shown m F-'g. 3. a resin * has cee r 

5 used as a cladding to coat the core for guiding infrared ;ight. In this example. the core t s made cf si./-?r 
cromide (AgSr, refractive -ndex: 2.2). and the cladding resin 4 ts made of polyethylene (refractive r.-ze< 
i 92). Its refractive index ts 2.2 with respect to carbon dioxide laser light. The afferent comt rrom --q. I s 
:hat polyethylene fa resin) does not sufficiently transmit infrared fight. That is, polyetnyiene s a "igrv 
absorbing material. Other resins have also been used to be substituted for colyethyiene 

ro However, serious problems occur when the above-described optical fibers are used to transmit tier. 
power carbon dioxide 'aser light. The fiber having an air clad structure as shown n Fig. ' or ftavirg i 
double structure of an AgBr core 1 and an AgCl cladding 2 as shown in Fig. 2 has such a defec: as fcHc-vs. 
When this fiber is not in contact with any support, this fiber can transmit relativly high power iignt. However 
when the fiber is supported by a certain support, the quantity of power which can be 'ransmitted >s ;reativ 

rs reduced. If higher power is transmitted, the fiber is heated at ihe portion contacting with the suopcrt arc s 
instantly fused. 

Because the fiber should be always supported in practical use, the fiber is always in contact jvith a 
certain support. Accordingly, the fiber cannot trasmit high power light in order to avoid fusing at the ccrtacr 
portion. 

20 With respect to the fiber having a double structure of an AgBr core t and a polyethylene cladding 4. as 
shown in Fig. 3, the polyethylene cladding 4 is rapidly heated by laser light so as to be melted. Then, the 
fiber core is melted so that the fiber is fused. 

Accordingly, the fiber can transmit only very low power light even if the fiber is not in contact with":he 

support. 

25 The cause of such problems can be estimated from the consideration of the optical fiber with respect to 

the distribution of electromagnetic field in the mode of a propagating light wave. 

One mode of light within the optical fiber is the light mode that progapates owing to the total reflection 

at the interface between the core and the cladding within the fiber as shown in Fig. 4. if the angle ? 

between the light wave and the interface is not larger than the critical angle, light is totally reflected. 
30 Although no electromagnetic field can exist in the cladding region in the view of geometrical optics. ;t 

can exist therein when wave optics are taken into account. Even in the case where light is totally reflected. 

an electromagnetic field is practically tailing into the clad portion as shown in Fig. 5. The tailing in .[serf 

does not cause energy loss. The mode of light guided in the core with the tailing is called a guided mode. 
Otherwise, when light rays within the core is scattered by a certain factor of light scattering as shown n 
35 Fig. 6, light components having various propagating direcitons B are produced. Because the propagating 

direction 9 of a part of light exceeds the critical angle, the light is not totally refected but partially passes 

through the core/cladding interface toward the cladding. This condition is shown in Rg. 7. 

The mode of light passing toward the cladding is called a radiation mode. Because at least one peax 

exists at the cladding, power is moved to the cladding whereafter the power escapes from the core. 
jo As described above, there exist an electromagnetic field tailing into the cladding region (in the guided 

mode) and an electromagnetic wave propagating to the cladding region deviating from the condition of the 

total reflection (in the radiation mode). 

In the case of the air clad structure of Fig. 1 . the electromagnetic field and the electromagnetic wave 

are absorbed by a certain support having large light absorbency to thereby produce heat. Thus the fiber is 
4$ soon fused. 

In the case of the polyethylene clad structure of Rg. 3, the electromagnetic field is absorbed by the 
polyethylene layer having large light absorbency and is converted into heat energy to thereby cause 
heating and fusing of the fiber. 

in the case of the AgBr core and the AgCl cladding of Rg. 2, the tailing of the electromagnetic field into 
so the AgCl clad may be disregarded. However, there exists an electromagnetic field tailing to the surface of 
the AgCl cladding. Furthermore, an electromagnetic wave escapes from the surface of the cladding 
(radiation mode). These are absorbed by a support member being in contact with the surface of the 
cladding and are converted into heat energy to thereby produce heat Thus, the fiber is fused. 

It is understood from th abov description that th three kinds of infrared optical fibers having different 
55 cladding strucutres as shown in Rgs. 1 to 3 are not satisfactory for transmitting strong carbon dioxide iaser 

h9ht |n the above-described investigation, it is ssential that optical fibers for transmitting high-power carbon 
dioxide laser light have a structure of compl t iy cutting off the "leakage" of an electromagnetic field from 
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the surface of the fitter. 

The optical fibers with no cladding is disadvantageous in that the condition of :ight 'ransmssicn 3 -:c: :•; 
be influenced by surface conditions of the fibers because the core of the fibers are directly excosea. 

In order to eliminate the disadvamag of a res\n coated air-clad fib r, it nas oeen proposed :*ac :r« 
5 infrared optical fibers are coated with a metal film to thereby protect the optical fibers and prevent re 
leakage or scattering of infrared iight out of the surface. 

For example, such an infrared optical fiber coated with a metal film has been proposed in Jacarese 
Patent Unexamined Publication No. 132301/56 (laid open October, 26, 1981). The proposal is that the outer 
• surface of the optical fiber core is coated with gold by vacuum vapor deposition. Because gold having a 
to high reflectivity for infrared light is deposited by evaporation, infrared light is rejected by gold so that t :an 
not leak out. 

It is. however, difficult for gold to be uniformly deposited on the outer surface of a small-diameter ;: ber 
by evaporation. Accordingly, the fiber cannot be coated with gold to a sufficient thickness in order :o net 
wastefully consume much gold. It is considered that the thickness is limited to the order of : rom 1 
15 micrometer to 10 micrometers and that the thickness in many cases is about 1 micrometer. T here exists a 
disadvantage that it is impossible to completely reflect strong CO2 laser light to thereby enclose ! t ^itnin 
the fiber because of the insufficient thickness. 

It is considered that a gold outer layer having a thickness of about 10 micrometers increases infrared 
light containment. 

20 If the thickness of gold is increased to eliminate the disadvantage, much gold is required so that the 
fiber becomes expensive. Furthermore, because part of the fight is not reflected by gold and is absorbed by 
the gold, the gold layer is greatly heated. Accordingly, the fiber cannot transmit strong light. Such a gold 
film as this should not be called as a cladding. The term "cladding" should be used for material, similar to 
the core, through which light can be well transmitted and which material does not absorb the light 

25 A method of forming a metal refefcting layer on the outer surface of an infrared-ray optical fiber made 
of glass has been proposed in Japanese Patent Unexamined Publication No. 13411/57 (laid open January 
23, 1982). Examples of the material of the glass used in the method include fluoride glass, chalcogenide 
glass, and glass containing elements such as Se. Te, and the like. These kind of materials should be 
formed as a glass without crystallization, it is therefore necessary to cool a melt rapidly. 

30 The proposed method comprises the steps of sucking a melt into a small-diameter metal pipe, filling 
the pipe with the melt, and rapidly cooling the melt in liquid nitrogen. The inner wall of the small-diameter 
metal pipe is beforehand coated with gold by evaporation to thereby make the reflectivity of the metal pipe 
for light higher than that of the original metal pipe 

Thus, the material is solidified as a glass in the metal pipe to be formed into a glass fiber. 

35 The proposed method is not applicable to any fiber except a glass fiber. Furthermore, the proposed 
method has a disadvantage that fiber manufactured by the method lacks flexibility because the melt is 
sucked in a rigid metal pipe. The metal pipe used in an example described in the proposal has an external 
diameter of 1 mm and an internal diameter of 0.4 mm. The metal layer assumes a large thickness of 300 
micrometers. Accordingly it is considered that absorption by the metal layer becomes very large. 

40 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide an optical fiber which can completely enclose light 
45 within a core with no leakage of electromagnetic field out of the surface of the optic! fiber. 

A second object of the invention is to provide- an infrared-ray optical fiber which is not fused at a portion 
of the optical fiber contacting with a member for supporting the optical fiber even if high power carbon 
dioxide laser iight is passed through the optical fiber. 

An other object of the present invention is to provide an infrared-ray optical fiber having an alternately 
so laminated multi-layer clad, which is sufficiently strong against external mechanical force so that the fiber is 
not injured by friction and so that the infrared-light containment effect of the multi-layer clad is not spoiled. 

It is a further object of the present invention to provide an infrared-ray optical fiber provided with an 
alternately laminated multi-layer film cladding in which the optical fiber has a structure to eliminate the 
leakage of light power out of the circumference of the optical fiber. 
S5 It is yet a further object of the present inv ntion to provide an infrared-ray optical fiber provided with an 
alternately laminated multi-lay r film clad, in which the optical fiber has a structure that makes it possible to 
transmit increased light power. 

It is still a further object of the pres nt invention is to provide an infrared-ray fiber provided with an 

4 

8NS0OCI0: <EP 042«203A2J_» 



EP 0 426 203 A2 



alternately iaminafed multi-layer f ilm ciaa in which the optical fiber ;^as a strucr-re so rat -re :c*. 
can be effectively prevented from cemg damaged at terminal fixing portions. 

The invention can ce summarized as a high power infrared optical fiber ;n which :he ■: acc-rg s • - . : • 
laminate scructure of alternating 'ayers of materials of different refractive ^rcices. The cacorg :an .s-5-: 
s oniy on the ends or the cladding in the middle portion can be composed of fewer ! ayers. A metai ayer -:ar 
be applied to the cladding. A resin layer can be applied to the cladding or the metal :ayer. 

3RIEF DESCRIPTION OF THE DRAWINGS 
?o " ~~ — — — 

Fig. 1 is a perspective view showing an example of conventional infrared fiber having ro wadding cr r 
other words having an air cladding). 

Fig. 2 is a perspective view of a conventional infrared fiber in wmch an AgCI cladding s provided :n in 
AgBr core. 

15 Fig. 3 is a perspective view of a conventional infrared fiber in which a polyethylene ciaccmg is crovicea 
on an AgBr core. 

Fig. 4 is a view in geometrical optics, showing the path of light totally reflected on a core/cSaccmg 
interface. 

Fig. 5 is a view showing that an electric filed component tailing into the ciad exists even m f .he guides 
so mode. 

Fig. 6 is a view for explaining that the condition of total reflection is often removed by dispersion within 
. the core. 

Fig. 7 is a graph view showing the electric field intensity of light in the radiation mode. 
Fig. 8 is a sectional view of an optical fiber having an alternately laminated muiti-iayer fiim iM = n 
25 according to the present invention. 

Fig. 9 is a sectional view of the optical fiber having an alternately laminated multi-layer film according to 
th present invention. 

Fg. 10 is a perspective view of an optical fiber in which the alternately laminated multi-layer : iim .3 
provided only at the incident or exit end portions. 
00 Fig. 1 1 is a view for explaining the path of light rays in the alternately laminated multi-layer film. 

Fig. 12 is a view for explaining the coordinates and parameters with respect to the alternately laminated 
multi-layer film. 

Fig. 13 is a graph view for explainig the number of waves of light attenuated in the alternately laminated 
multi-layer film and the thickness of the multi-layer film. 
35 Fig. 14(a) is a view for explaining mono-layer reflection, and Fig. 1 4(b) is a view for explaining three- 
layer reflection. 

Fig. IS is a graph view for explaining a preferable range of thickness in the alternately laminated multi- 
layer film. The axis of abscissas shows the thickness A (micrometer) of film I (n a , PbF 2 ), and the axis of 
ordinates shows the thickness B (micrometer) of film II (n b , Ge). The parameter is an oblique angle s 3 . Vre 
40 doubly hatched portion * shows an optimum area. 

Fig. 16 is a cross section showing the fiber provided with the alternately laminated multi-layer : ;im 
(N according to the present invention. 

Fig. 17 is a cross section showing the fiber provided with the alternately laminated multi-layer : ilm 
according to the present invention. 
45 Fig. 18 is a perspective view of an optical fiber in which the alternately laminated multi-layer fiim .5 
provided only at the incident or exit end portions. 

Fig 19 is a diagram for explaining a preferable region of the thickness of the altrenately laminated multi- 
layer film, in which the abscissa and the ordinate represent the film thickness a (micrometer) of the film 1 
(n a , PbF 2 ) and the film thickness b (micrometer) of the film II (n b , AgBr), a parameter being an oblique angie 
so in the film I, the reference symboU designating a preferable region. 

Fig. 20 is a graph showing the result of measurement of the amount of light leaking from a side of the 
core in the case where the optical fiber core transmits carbon dioxide laser light from one end thereof. 

Fig. 21 is a sectional view showing the structure of the optical fiber according to the present invention. 

Fig. 22 is a graph showing the result of measurement of the amount of light leaking over the whole 
55 length with respect to the optical fiber (B) of the invention, the optical fiber (B') after the repetition of 
bending of 10.000 times, the comparative optical fiber (A) having only a core, and the comparative optical 
fiber (A') after the rep tition of bending of 10,000 times. 

Fig. 23 is a longitudianl sectional front view of th optical fiber according to the present invention. 

5 
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Fig. 24 is a longitudinal sectional side view of the same. 

Fig. 25 is a cross section showing the optical fiber according to the oresent invetion. 
Fig. 26 is a longitudinal side view in section showing the same optical fiber according :o :~e zrssarr 
invention. 

5 Fig. 27 is a graph showing a radial distribution of the density of ! ignt power in the cross section :he 
optical fiber according to the present invention. 

Fig. 28 is a cross section showing the optical fiber according to the cresent invention, -.n which :he '^sir 
'ayer is provided. 

Fig. 29 is a perspective view showing only the arrangment of the end portion for measuring :ne 
io temperature rise of the terminal fixing portion when a C0 2 laser beam is passed therethrough. 

Fig. 30 is a graph showing a radial distribution of the density of light power in the cress section zf an 
optical fiber provided with only the alternately laminated multi-layer film clad. 



;s DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The infrared optical fiber according to one aspect of the present invention is characterized in that the 
fiber has a cladding formed by alternately repeatedly coating lead fluoride (PbF 2 ) and silver bromice iAg8r) 
or silver chloride (AgCI) or germanium (Ge). Any material may be used to form the core as long as it can 

20 transmit infrared light 

Lead fluoride has a low refractive index, and AgBr or AgCI has a high refractive index. The number N of 
repetitions of the coating layers of lead fluoride and AgBr (or Agci) may be selected suitably as long as it is 
not smaller than 1 . The repetition number N of the coating layers of lead fluoride and germanium may be 
arbitrarily determined as long as the nubmer N is not smaller than 1. 

25 Fig. 8 shows a longitudinal sectional view of the optical fiber according to the present invention. The 
case of N » 1 is shown. That is, there is shown a simplest embodiment formed by coating with a single 
layer of PbF 2 and a single layer of Ge. it is desirable, however, to repeatedly coat this optical ? iber with 
PbF 2 /AgBr. An optical fiber core 1 made of a material capable of efficiently transmitting infrared light s 
disposed at the center of the fiber. As described above, the material of the core 1 may be selected suitably 

30 from a thallium haJide crystal, an alkali hallde crystal, and a silver haiide crystal, or may be a chalcogemde 
glass. 

The circumference of the core 1 is coated with a lead fluoride (PbF 2 ) layer 2 and the layer 2 is further 
coated with a germanium (Ge) layer 3. infrared light is enclosed in the optical fiber core 1 by means of the 
PbF 2 and Ge layers 2 and 3 acting as a cladding. Although this embodiment shows the case where each of 
35 PbF 2 and Ge form a single layer, these materials may more effectively form multiple layers. 

Fig. 9 shows another embodiment in which the repetition of PbF 2 and Ge is increased in number. The 
film formed by the repetition of PbF 2 and Ge layers is called an alternately laminated multi-layer film here. 
One layer of PbF 2 is called a PbF 2 layer. One layer of Ge is called a Ge layer. A double layer composed of 
a PbF 2 layer and a Ge layer is called a unit alternating layer. 
40 it is most effective that the whole surface of the optical fiber is coated wtih the alternately laminated 
multi-layer film. However, the coating of the whole surface is difficult and expensive. 

In the case whera a low-cost optical fiber structure is required, the coating with the alternately laminated 
multi-layer film may be provided only in the vicinity of each of the incident and exit end portions of the 
optical fiber. Such a case is shown in Fg. 10. When carbon dioxide laser light is passed through the optical 
4$ fiber, the leakage of light at the incident and exit end portion becomes a maximum. To prevent the leakag 
of light, the alternately laminated multi-layer film according to the present invention is provided to coat the 
incident and exit end portions. 

In this drawing, the fiber core is made of AgBr with a diameter of 700 micrometers. A PbF 2 /Ge multi- 
layer film composed of 10 PbF 2 layers and 10 Ge layers. 20 layers in total, is provided over a 5 cm length 
so from each of the incident and exit ends. The film thickness of each layer is 1 micrometer. The whole 
thickness of the multi-layer film is therefore 20 micrometers. 

The light containment effect by means of such a multi-layer cladding structure as described above will 
be explained hereunder on the basis of an electromagnetic field theory. 

Fig. 1 1 shows a structure of th alternately laminated multi-layer film formed by the alternate lamination 
ss of two kinds of thin layers different in refractive ind x. 

Assume now that light is transmitted at an angle eo.from the left hand medium having a refractive index 
no. Th incident light is reflected and refracted successively on the respective boundaries between adjacent 
layers. The place where the incident light is to go and th resulting amplitude of th ligh are determined oy 

6 
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Overlapping of all the 'ight comoonents as the resuit of reflection and refraction. 

In the drawing, the alternately ; ammated muiti-'ayer film is formed by repetition of a number :f ;- 
a film l having a thickness a and a -efractiva index n„ and a film I! having a rhickress o arc a ^rra:: 
index n b . Initially, light exists in :he 'eft enc area. This area is a portion -vhich corresconds to :re ;ore :<* "~ 
5 optical fiber and which is called "a starting end" or "a starting end portion" Let n c ce the refractive f-:e< : ; . 
the starting end portion. 

There is no carticular limit in the relation <n value among n 0l n, and n a . The light *ncn acvaroas 
ODliqueiy ''rem the starting end portion successively to ;he film I, the film M, th9 film I. :he nim .1 5 
partially reflected at each boundary and the remainder is refracted to advance to the next n'n. **us 
:o reflected light is generated at each boundary. 

Light rays will be now designated in accordance with the angle formed between :re iigm and :-e 
boundary. Let do be the oblique angle at the starting end portion. Let S a and 3 b be the oblique angies at :re 
film l and the film II respectively. Because the boundaries are planes parallel to each richer the :c»cus 
angies i a and 9 b at the film I and the film II are always kept constant without being inffuencec :y -e 
?5 repetition of refraction and reflection. 

The tight having been reflected on a boundary is returned toward the starting end portion but ;s paraiiy 
reflected again by another boundary. Reflection is repeated as described above. Accordingly, t is dees .-or 
always follow that light is returned to the starting end portion by the alternately laminated muiti-'ayer film 
Although light can be really enclosed in the starting end portion (core) by the alternately laminated muiti- 
20 layer film, the effect of containment cannot be explained with geometrical optics. The effect cannot oe 
explained without resort to wave optics. 

This is a different point from the light containment effect by the conventional simple coredadcir.g 
structure using a difference in refractive index. The light containment in the conventional fiber is easi:y 
understood by geometrical optics because it uses the fact that rays being at an oblique angle smaller :ran 
25 the total refelction angle are totally reflected on the boundary. 



Light Containment owing to the Alternately Laminated Multilayer Film 

30 One paper dealing with the propagation of light in such an alternately laminated multHayer-fifm s: D 
Yeh. A. Yariv & C • S. Hong "Electromagnetic propagation in periodic stratified media. I. General theory ' j 
Optic. Soc. Am. vol. 67, No. 4, (1977). p. 423. 

An alternately laminated multi-layer film is explained on the basis of Fig. 12. Let the x-axis be the axis 
of the abscissa. Films I having a refractive index n a and films II having a refractive index n b are alternately 
is arranged so as to e perpendicular to the x-axis. 
Now, parameters are used as follows. 

Films I: 

Refractive Index n a 

Thickness a 
^5 Wave Number k 

Films II: 

Refractive Index nb 

so 

Thickness b 
Wave Number 3 
ss Period L is a + b* 



In the films I, there exist an advancing wav 
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k ikx 



(1) 



5 and a retreating wave 
e -ikx 



JO 



(2) 



In the films II, there exist an advancing wave e ,mx and a retreating wave a" ,mx The wave in the z-direction 
can be represented by 3. 

* iS2 (3) 



where 3 is a phase constant in the z-direction. 

Assume that the y-axis is taken in a direction perpendicular to the surface of the paper of Fig. 1 3 and 
20 that the alternately laminated multi-layer film is indefinitely extended in the z- and y-axes. Although iignt 
really advances both in the x-direction and in the z-direction, the two modes, TE mode and TM mode, are 
distinguished according to the x-direction. The TE mode means a mode in which the directions of electric 
fields £ and F in the respective types of films are perpendicular to the x-direction. 

On the other hand, the electric fields E and F and the differentials dE/dx and dF/dx of the electric fields 
25 in the x-direction are continuous at the boundary. 

The above-described paper mainly treats of the propagation of light in the x-direction. 

The purpose of the present invention is to prevent the propagation of light in the x-direction to thereby 
improve the efficiency with respect to the propagation of light in the z-direction. 

Although the purpose is different the propagation in the x-direction is now considered according to :he 
ao paper because propagation and non-propagation can be described by the same mathematical means. 

The n-th film I and the n-th film II exist from x = (n-l)L to x = nL The (n-l)th film I is in contact with 
the n-th film II and the x-coordinate of the contact point is x = (n-i)L The x-coordinate of the contact point 
between the n-th film II and the n-th film I is x s (n-l)L + b. 

The electric field E(x, z) in th n-th film I is described by the equation 

35 

E(x, z) » [a n eiM*-nL) + b n e-i* U-nL) j e ifi 2 (4) 



40 where an represents the amplitude of the advancing wave, and b n represents the amplitude of the retreating 
wave. Although the factor (x-nL) is represented in the term e 1 ***^, it is a notationai convenience which 
removes the factor e*" 1 - from the amplitudes an and b«. Accordingly, the equation is general. 
The electric field F n (x. z) in the n-th film II is described by the equation 

45 

Fn(** 2) • rc n ei*(x-nL) + d n e-im<x-nL) j e is 2 (5) 



where c„ represents the amplitude of the progressive wave, and d n represents the amplitude of the 
so regressive wave. 

Because E-F and dE/dx * dF/dx at the boundary x = (n-1), between the (n-i)th film I and the n-th film 
II, the following equations should hold. 



55 



*n-l * » c n e-i^ + d n e imL (6) 

ik(a n -x - b n .i) - imc n e-i*£ - imd n einiL (7) 
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'n :he equations, m represents the wave number ilf a suffix is acced -o < for :iscr:m nation -.-a resc-cv :' 
cecomes complicated. Accordingly, a different ierter "m" s •smcoraily -sed as a symbol i T>3 .ar:.: 
.vaves are identified in Fg. 12. 

3ecause E n = and iE„/ ax = or 0 , dx at the boundary < = .n-nL - o between -he *--ih : : m ! ?.r - 
5 :he n-th film I, the following equations shouid held. 



a n e~ ika + b n e ika = c n e~ ima + d n e ima (9) 
iMa^* 1 **- b n e ika ) = im(c n e- ima - d a e^ a ) (9) 

The equations (6) and (7) can be expressed in matrix representation as foiiows. 



20 









s 


/ e -imL 






v b n-l; 




v m/k e~ iinL 



>imL 



Equations (8) and (9) can be expressed in matrix representation as follows 
2S ^e-ika el** 



U/m e-i^a -k/m e ika . 



\ br 



/ e -ima e ima f Cfl \ 



k g- ima _g ima , 



1 d n ' 



30 



(10) 



The following matrix defining the relation between (a„.i, b«.,) and (a ft , b„) can be found from :hese 
matrices. 



35 



40 



/ *n-l ) 


/ 




■ 


I b n - x > 





/ A 



B \ 



D ^ 



/ a„ \ 



^ b n I 



(12) 



where 



so 



A « e-i k «{cos mb - i/2(m/k ♦ k/m) sin mb) (13) 

3 « i/2(m/k - k/m) sin mb (14) 

C « *i/2(m/k - k/m) sin mb (15) 

D » e ika (cos mb + i/2(m/k + k/m) sin mb) (16) 



ss It is apparent from th results that the following equations should hold. 
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to 



A = D 

a = c 

In the equations, Creoresents a complex conjugate for C. 
Let the matrix (12) be simplified as follows. 

/ A B 



H 



(17) 
(13) 



is 



The norm of the matrix is 1. 



(19) 



20 



AD - BC * 1 



(20) 



However, H is not a unitary matrix as well as is not a Hermite matrix. 

Generally, a complex conjugate matrix with respect to transposition of a matrix is called a Hermite 
2$ conjugate. Let it be expressed by an asterisk. 

Let M be a matrix. Let to be the transposition of a matrix. A Hermite conjugate an be defined as follows. 



30 



M* » t(M) 



(21) 



A unitary matrix U can be defined as a matrix having the following relation. 

uir = 1 

In other words, a matrix in which the reciprocal matrix U' 1 is a Hermite conjugate is called "unitary 



U-l « rj* 

The norm of the unitary matrix is 1. 

10 1 • 1 



(22) 



(23) 



45 The eigenvalue x has a characteristic that the absolute value thereof is 1 . 

The matrix H determining the wave relation between adjacent layers in the multi-layer film has a 
characteristic of |H| * 1, but the matrix is not unitary. 

The eigenvalue x of the matrix H will be now found. Let w be the eigenvector. 



so 



Hw 



(24) 



. o find , the following equation wilt be solved. 



55 
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. ! A- '.. 3 | 

I = 0 (23) 

5 C D-A j 

Because or |Ht = 1 , the following equation can be obtained. 

■ o 

X 2 - (A + D) A + 1 * 0 (26) 

The solution in the case where (A +■ O) 2 is larger than 4-is different from the solution in case .-/re^ 
r$ ;A + O) 2 is smaller than 4. 

in any case, the solution can be described as follows. 



X * (A + D t /(A + D) 2 - 4) / 2 (27) 

in the case of (A + O) 2 < 4, the absolute value of the solution x is 1, that is, |x| = 1. This means re 
propagation in the x-direction is without attenuation. This shows oscillatory solutions. 

In the case of (A * O) 2 > 4, the two solutions are real numbers. Let Xi and x 2 be the solutions, then 
25 the product of \i and \z is 1. There two solutions are an attenuation solution and a divergent solution. 

The target of the present invention is the later solution. 

Propagating Mode in the x -direction 

JO 

In the case of (A + O) 2 < 4, there are two solutions for |\| - 1. These are oscillatory solunons 
Because X represents one period of vibration, it can be represented by the equation. 



35 \ * exp (iKL) (28) 

where K is a reai number. KL gives a phase change at one period L Accordingly, it may be said that K :s 
the number of waves of the propagating light in the x-direction. K is different from k or m. 

40 

COS (KL) « (A + D) / 2 (29) 



45 The eigenfunction w will be found by the following equation. 



50 





' B 






w ■ 














^ C J 



(30) 



The matrix has not been normalized but can be easily normalized. 

55 
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' »n-l 1 








= H 




' b n-l t 







(31) 



Accordingly, the following aquation should hold. 



10 



IS 











= H n 




^ b 0 > 







20 



:32) 



Where ao and bo are components of the eigenvector at the starting end of the alternately laminated 
multi-layer film. 



25 



bo/ 



(33) 



Light enters into the multi-layer film from the starting end. 

If the initial vector is designated to satisfy the equation (33), then the following is obtained. 



30 



35 



40 



/a 0 \ 
b0 

bo 



(34) 



I b ni 
»exp (iKnL) 



> b n > 



(35) 



Tha sum of the probability of the existence of the advancing wave and the retreating wave in the n-th 
49 film i is expressed as follows. 



so 



55 



*nl 2 ♦ |b n ;2 



From the equation (35), this value is always equal to the following value. 



(36) 



12 



(37) 



This means that the light can pass through th alternately laminated multi-layer film without attenuation. 
It is said that the mode of light is a propagating mode with respect to th x-axis. 
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* However, cecause the present invention treats the propagation in ;he z-directicn, :h.e .-.-rcagancr - 
x-direction is eauivaient ?o :he dispersion of energy m ;he z-direction. ~hat is. :he n^cce :r :r: s 
-adiation mode with respect to the 2-axis. 



Attenuation Mode in [he < -direction 

The above-descnbed paper treats the propagation m the x-direction. However. :r.e present .pver*c;c 
reauires the condition that light is not dispersed in the x-direction. Accordingly. :he point of view snc^io c 
changed to the attenuation mode in the x-direction. The attenuation mode will be now considered aoar : -zr 
the above-described appear. 

The case' where the eigenvalue \ is a real number is considered. Let i and i be two roots. ;her v • \ 
= 1. 

(A + D) / 2 > 1 
(A + D) / 2 < -1 

From the equations (13) and (16), (A + 0) / 2 can be described as follows. 

(A + D) / 2 » ReA 
= cos Ka cos mb - 1/2 (mA * k/ra) sin mb sin ka (40) 

For simplifying the equation, X, Y and 7 are defined as follows. 

X » ka (41) 

Y * mb ( 42) 

Y » 1/2 (m/k + k/m) (43) 

Each of m and k is a positive number representing a refractive index, and y is a positive number larger than 
1. If m isequailo k. 7 * 1. Asm becomes different far from k, 7 increases more. In short, 7 is a scale of 
the refractive index? ~~ 

Let (A+DJ/2 be replaced by S. Then, 

S • (A+D)/2 » cos X cos Y - Y sin X sin Y (44) 

The equation (44) is rewritten as follows. 

S » cos (X+Y) - (Y-l) sin X sin Y (45) 

From the definitions, X and Y are both positive. From (45), S is not smaller than -1 and is not larger 
than 1 in th extrem wh n 7 s 1 (m s k). It is because s is cos (X + Y). 

However, at 7 > 1. there is a possibility that S may satisfy one of the inequalities (38) and (39). 

However, S is not larger than 1 as long as each of X and Y is within a range from 0 to *. This ;s 
becaus the second term in the left sid of th equation (45) is negative. In short, there is no possibility that 
the inequality (39) is valid, that is, S > 1 . 

However, S < -1 may b valid. 



(33) 
(39) 
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10 



is 



20 



30 



35 



40 



As y oecomes larger man J. the range of the coordinates (X, Y) satisfying S < *i is more -videcea 
range of the coordinates (X, Y) satisfying S = -1 as a boundary is now considered. 
This situation should hold in 'he extreme when the value of X • Y approaches t. 



n.» X - n/2 {46) 



; « y - ff/2 



(47) 



Sucn a transformation is made. This merely expresses the coordinate transformation that the origin moves 
parallel to the point ( W2, »/2) in an X • Y coordinate system. 
At S = -1. the equation (45) is substituted as follows. 



-1 » -cos ( n + Z ) - ( y - 1) cos n C os C (48) 

This can be rewritten as follows. 



sin2[( n * c)/2] = [( y- D/2] 



(49) 



25 In the following, a q - p coordinate system transformed by clockwise rotation of the n - f coordinate 
system by 45* is now considered. The coordinate transformation is shown in Fig. 14. 



P « ( n + 5 J//T (S0) 
q 3 ( n + C)//f {51) 

Because the equation (52) should hold, equation(53) should hold. 

cos n cos ; * 1/2 [ (cos n - ; ) + cos ( n* c ) ] (52) 
sin2(p/ / f) . t( Y • l) / 4] [cos(/2 p)+cos(^I q) ] (53) 

Because equation (53) expresses an even function with respect to p and q, it is apparent that this is 
symmetric with respect to both trhe p-axis and the q-axis. Furthermore, if is apparent that p is zero for q = 

4S These points are equivalent to the points J and K of Fig. 14. The point J has the coordinates (0. nfyjl) 
in the p - q coordinate system. In other words, the point J has the coordinates (ir/2, - */2) in the n • r 
coordinate system or has the coordinates (». 0) in the X • Y coordinate system. The point K has coordinates 
( 0, -WVZ) in the p • q coordinate system. In other words, the point K has the coordinates (-*/2, n/2) in the 7 
- f coordinates system or has the coordinates (0> ) in the X - Y coordinate system. 

so When q is within a range from -*A/2to «/>jT.p has two values. The two values of p are equal in 
absolute value to each other and are respectively a positive number and a negative number. 
From equation (53), the value of |p| increases as q approaches 0 from */>/2. 

Accordingly, it is apparent that the figure satisfying the equation (53) is shaped like a leaf KWJU as 
shown in Fig. 13. 

55 This is a figure which has th point G (ir/2, */2) as th center and which is symmetric with respect to 
both the p-axis and.th q-axis. 

In the following, the comer angles at th points K and J ar considered. Differentiation at the points K 
and J is expressed as follows. 
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dp/dg = ± ,'( Y - l)/(v ♦ 1) 



(54a) 



5 The corners at the points K and J become sharp as 7 approaches 1 r ne corners become -veer as •. 
becomes ; arge. The absolute value of (54) is not larger than 1. That is. the angles of the corners from 
axis are not larger than 45* . Accordingly, the curves at the point J and K never go out cr rhe X-axis arc -5 
Y-axis, 

As an equation expressing a leaf-like figure, equation (53) is an exact equation. 
10 in che following, the area of the ieaMike figure is found. As ;he area cannot be found exactly ir 
approximation of p < < 1 is made based on an assumption that (y • i) small. The equation 53) 5 
approximated as follows. 

ts P 2 /2 s (Y - - p2 + cos /? q)/4 (54b) 

P 3 '2(Y -1)/(Y ? 1) cos q//2 (34c) 



20 The area E of the IeaMike figure is approximated as follows. 



r 

Z » j 4pdq 

25 O 



■ 8 /( Y- 1)71 Y * 1) (54d) 

00 

It is apparent from this result that the area of the leaf-like figure increases as the scale of difference n 
refractive index, that is, ( y • l) becomes larger. 

When the leaf-like figure has a large area, the range satisfying S <-l becomes wide. Accordingly, such 
35 a condition is suitable for light containment 

It has been understood that the figure expressed by (53) is the leaf-like figure of Fig. 13. Accordingly, 
the region satisfying S < -1 is equivalent to the inside of the leaf as shown by oblique lines. 

In the equatins (44) and (45). S is smaller than -1 if X and Y are within the leaf-like figure. 

From (27). the eigenvalue x can be rewritten by using S as follows. 

40 

X » S ± /s2 - 1 (55) 



45 As described above, x is the eigenvalue of the matrix H. H relates the n-th amplitudes a„ and b„ to :!-.e 
(n-l)-th amplitudes a*.i and b 0 -i. 

When X is selected to be larger in absolute value than 1. it is apparent from the equation (56) that a„ 

and b n are attenuated compared with ao and bo. 



so 



55 



/a 0 



an 



(56) 



This expr sses th rightward attenuation from 0 to n. The other root of X expresses the leftward 
attenuation from n to 0. The leftward attenuation is made in the sam manner as the rightward attenuation 
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5 



Such attenuation cannot be explained in geometrical optics, if the alternately aminated mu.tt"2-,er ;Vm 3 
considered m geometrical optics, any kind of iight should be transmitted. This inference 'S :orec: n -r-e 
region of -t s S 3 1. 

The fact that S is not larger than 1 has ben described. When S is smaller than -i tre ajtsruar^n 
5 solution appears. What happens if S « -1? This is a question. Form equation (55). \ is almost -1. Th 
shows the fact that the wave function is inverted between the n-th ana the (n-i)-th positions or n ;:rer 
words the wave function is changed in the x-direction with a period of 2L. This is nothing out 3'agg 
reflection. 

Generally, 3ragg reflection appears when X rays are irradiated onto crystals or the like. As the direction 
10 of reflection varies, such reflection is also called Bragg diffraction. The theory is the same. Because cha 
grating constant of crystals is almost equal to the wavelength of X-rays, X-rays are used. 

Let L be the surface separation of crystalline planes. Let S be the inclination angie of the X-'ays : a!iirg 
on the crystal. Bragg rejection occurs when the following equation holds. 



2 L sin 8 » \ Q 



(57a) 



In this equation. \o is the wavelength of X rays. 
20 Incident X rays are diffracted on the (n-l)-th surface and further diffracted on the n-th surface. When the 

diffracted rays have an optical path difference of Xo. the rays intensify each other, in this case, the 

difference between the (n-l)th surface and the n-th surface is X 0 / 2. The phase difference is t. This 

corresponds to the eigenvalue X 3 -1. 

In short, 8ragg reflection occurs for S = -1 and attenuation in the alternately laminated muiti-iayer film 
25 occurs as S becomes small, so that light can be enclosed in the x-direction. The present invention cleverly 

utilizes this fact. 

The wavelength of carbon dioxide laser light is 10.6 micrometers in a vacuum. It becomes shorter in a 

medium having a refractive index larger than 1. Carbon dioxide laser light can be enclosed by the 

alternately laminated multi-layer film with a period as long as the wavelength. 
30 If the film is composed of one kind of material and scattering factors exist for each period L. the 

equation (57) of Bragg reflection uniquely determines the angle 0. However, this merely corresponds to the 

point J or point K (X * * or Y * #). 

What is meant by the upper and lower branches which are extended between the points J and K and 

which respectively correspond to S » -1? 
35 Although the existence of the two branches could be known by wave optics, intuitive thinking of the 

meaning could assist the understanding of the phenomenon. It is to be thought that Bragg reflection should 

occur if the optical path difference between- the waves reflected on the one-period different surface x = (n - 

1)1x3 nL, satisfies the equation 

40 

2n a a sin e a + 2n^b sin 95 * i (sib) 



50 



where a represents the thickness of the film I, b represents the thickness of the film II, a a and d b represent 
respectively the oblique angles thereof, and t represents the wavelength of light. 

In Rg. 12, the equation (57b) merely expresses the coordinates (a, b) on the segment KJ corresponding 
to the following equation. 



x ♦ y » * 



(57c) 



Because different refractive films I and II exist, the condition of S » -1 is satisfied both above and 
beiow the segment KJ. 

What is meant by the upper and lower branches? Equation (57b) expresses that reflection on both the 
55 surfaces differing by one period satisfies the Bragg condition. However, the Bragg condition can be satisfied 
by other means using on film I or II. That is, th Bragg condition can be satisfied by mono-layer reflection. 
This corresponds to the upper branch of the leaf-like figure. 

Furthermor . th Bragg condition may be satisfied by reflection on the boundary at a distance of three 
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ayers such as a combination of -he =iim I. :he film II and the him I. or a combination :f :he \\ * — 
and the film II. This corresponds to :he lower branch of the iear-»ike figure of Fig. 13. 3ucn a -er;ec:::~ s 
temporarily cailec three-iayer reflection. 

However, it is not called 8ragg reflection (on KJ) occunng on two surface at a distance of ; n e cer-j<: _ 
5 Such a reflection is called two-layer reflection. This is Bragg reflection is ?asy to undersrana classics; ; 
However, this is buried between the mono-iayer reflection of the curve KWJ (upper branch; and Te :rree- 
j ayer reflection of the curve KUJ (lower branch). Accordingly, such a condition does not apoear 'or S = ■) 

Mono-iayer reflection and three-ayer reflection are respectively illustrated :n Fgs. 14a and Ub. 

The reason why four-layer reflection (2L) does not occur is [hat the four-layer reflection .s canceiec cy 
*o the wave differing in phase by produced rrom the second layer. 

In the following, mono-layer reflection is explained. Why isn't it parallel to r he Y axis in the vicinity :r 
ooint J (X =* . Y a 0)? Why is it a curve? It is thought that ail are solved if the following Bragg condition 
(57d) holds for n a , a and $ a . 

15 

2n 3 a sin e a = z (57d) 
This can be rewritten as follows. 

20 

x 3 77 (57e) 

25 Accordingly, this expresses a straight line drawn perpendicularly to the X-axis from the point J. 

When the film II has a finite thickness b, the necessary thickness a of the film I is reduced. The rate of 
reduction is slight but the thickness a is surely reduced. Why is it? 

Heretofore the direction angle 0 a of rays has been assumed to be constant. However, the direction 
angle $ is indefinite if the different film 11 exists as a perturbation. Even if the sufficiently wide films I and II 
30 have direction angies 3 a and 9 b , the direction angle S is indefinite when the thickness a and b is smaller 
than the wavelength. 

Because the films I and II are shorter than the wavelength I, the direction angle 4* is indefinite. 
Accordingly, the direction angle 0 a should be determined in terms of probabilities. Such indefiniteness 
always exists in a conjugate physical quantity, 
js When a very thin film II coexists with the film I (b is sufficiently small), 9 a of the equation (57d) 
increases. Accordingly, the thickness a to satisfy the Bragg condition is reduced. This is the cause of the 
curve of the upper branch in the vicinity of the point J. 

In the following, three-layer reflection is explained. The operation in the vicinity of the point J is 
described. Reflection on the surfaces at a distance of three layers, that is, the films li, i and il. is 
40 considered. The surface separation is a * 2b but is almost equal to a if b s sufficient small. 

The Bragg condition is defined as follows. 

2n a a sin 8 a + 4nt>b sin 9b * l (57d) 

4S 

This can be rewritten with X and Y, as follows. 



50 



X ♦ 2Y - t (57e) 



This has a slope smaller than the slope of a tangent which touches the lower branch at the point J. 
In this case, e a and s b are indefinit . becaus th film II as a perturbation enters the place where only 
the film I exists. Furthermor , * a increas s and descr as s. Accordingly, th Bragg condition for three- 
55 layer reflection is satisfied at the curve JU. 



Design of Rim Thickness 

17 



3NSOOCI0: <£P_042ea03«J_» 



EP 0 426 203 A2 



-If the materials for the multi-layer film are determined, the refractive indexes n a and n 5 are aetermirsa 
If the light source is determined, the wavelength i s determined. However, the thicknesses a arc o -zarrzz 
be known. Furthermore, the angles $ 3 and s 0 between light and the respective surfaces :f":re aiterrare v 
'aminated multi-layer film widely vary. It is preferable that light containment is secured for any oblique 
5 angie. 

Though the light wavelength i is determined, it is not said that the respective numbers of waves < and 
m at the films l and II are determined, it is because e a and e b are variable. Although the wavelength of :: gn: 
>n" a vacuum is expressed by l, the notation is used to avoid confusion with the eigenvalue naving seen 
expressed by x. 

ro Let no be the refractive index of the corner (that is, core). Let 9o be the oblique angle between light and 
the boundary. Let n a . $ a , n b , S b , be the parameters respectively at the films I and II. From Sneii's Jaw. re 
following equation should hold. 



f5 



no cos 8 0 » n a cos 8 a • nb cos 9b 



(53) 



The wave number k in the film I (that is, the number of waves in the x-direction) is expressed as 
follows. 



20 



25 



k » t(2im a /I )2 . (27rno cos 9 0 /I ) 2] 1/2 

This can be rewritten by using (58) as follows, 
k * (2Tn a /i ) sin e a 
30 The wave number m in the film il is expressed as follows, 
m » (2^n b /I ) sin 3 b 
From the definitions (41) and (42), the following equations should hold. 



(59) 



(60) 



(61) 
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X » 2*n a a sin 9 a /4 (62) 
Y * 2Tm b b sin 8 b /l • (63) 



The figure expressed f or S » *1 in the equations (44) and (45) is a leaf-like figure, which is shown in Fig. 
4$ 13. 

The X-axis can be replaced by a and the Y-axis can be replaced by b with 0, and 9* as parameters. 

Variables are changed to thickness a and b. The figure expressed for S * -1 is still a leaf-like figures, 
in this case, the position of the point J (X * #, Y » 0) and the position of point K (X 3 0, Y = * ) vary 
corresonding to the angles. That is. the leaf-like figure is transformed so as to be enlarged or reduced in the 
so a-axis and the b-axis. 

In the condition of x = *, the value of a at the point J is expressed from the equation (62) as follows. 



a » V(2n a sin « a ) (64) 

55 



In the condition of Y » », th value of b at point K is expressed as follows. 
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b * V(2n b sin 9 fa ) 



(65; 



5 in this equation, 3 b is related to rf a by eauation (58) and. accordingly, it <s not an independent :arame:er 
if fl a < n b , a vanes within a range from 0* to 90* but e b varies within ^ a range from , to 90 ' * : 
sents (he total reflection angle 3nd is determined by :he following equation. 



cos 9 C = n a / n b 



(66) 



The value of a at the point J widely varies because a a is from 0 to 90 ' . but the value of b at "he ccmc < 
little varies because 3 b is from $ c to 90* . 
75 When S g is zero, the leaf-like figure is enlarged to the right. The point J approaches 0 from a along :r.s 
a-axis as $ a increases from 0. The point K approaches 0 from b along the b-axis. Accordingly, :he eaf-ske 
figure is reduced. 

The point J takes a minimum value l/2n a for 9 a = 90* At this time, the point K takes a minimum /aiLS 
i/2n 5 . 3 b is 90' for t* a 90* . 

20 Low refractive PbF 2 layers are made of the films 1. High refractive Ge layers are made of the films si. 
Let a and b be the thicknesses of PbF 2 and the thickenss of Ge, respectively. The curve expressing ;ne 
values of a~and b for S s *1 with the angle 0 a at the PbF 2 layers as a parameter is shown in Fib. 15. The 
axis of the'atoscissa is a(micrometers), and the axis of ordinates is b(micrometers). 
3 a is selected from 0* , 24.2* , 44.8* , 61 # . 75.7* , and 90* . 
25 The intersection J of the leaMike figure and the a-axis is found by the equation (64). 

When the refractive index n a of PbF 2 is 1.558, the value of a is found as follows. ( t = 10.5 
micrometers) 



8 a 3 0 a ' » 

9 a * 24.2° a» 8.3 micrometers 

9 a * 44.8* a» 4.8 micrometers 

9 a * a« 3.9 micrometers 

9 a * 75. 7 # a« 3.5 micrometers 

9a ■ 90 # a» 3;4 micrometers 



These are values of a intersecting the a-axis. The value of 0 b is determined for the same value of 4 3 as 
45 follows, and the value of b intersecting the b-axis is found as follows. 



so 
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it is apparent that the value of b intersecting the b-axis little varies because the refractive index n b :f Ge 
is sufficiently larger than n a . 

As $ A and 0 b decrease, the leaf -like figure for S * -1 is moved right and enlarged in area. It is because 
the rate of reduction or enlargement is determined by the reciprocals of (64) and (65). 
20 The common portion in the leaf-like figure for the range of 0 a of from 0 to 90 ' is shown by the 
shadowed region This is a region which is larger than the lower branch for J,a0 and which is smaller 
than the upper branch for 0 t = 90*. This region is an optimum one for the thicknesses a and b. 

it can be expressed that the thickness a of PbFa is not larger than 3.3 micrometers "and that the 
thickness b of Ge is not larger than 1.45 micrometers. However, the expression is not exact. This is 
as because a 5 3.3 and b £ t. 45 and there is also a portion which is not included in the region 0. 

It is now considered to more exactly define the region The equation of the leaf-like figure for 9 a = 
90* is described in more detail from equations (53), (82) and (43) as follows. 

™ sin* (2 *n a a /I + 2 *n b b/ *> - n ) 

* [ (n a - n b ) 2 / 8n a n b ] [cos (2 tt n a a/ i+ 2^ n b b/ I - rr ) 

+ cos (2 n n a a / i - 2 * n b b / I ) ] (67) 

OS 

The values, such as n a » 1.558. n a » 4,077, t * 10.6 micrometers and the like, are substituted into 
the equation. 

40 

sin2(a/1.083 ♦ b/0.424 - 3.1*) 
• 0.1249 Icoa (a/1.083 + b/0.414 - 3.14) 
« + cos (a/l*083 - b/0.414)] (68) 

This is a d? Uled equation for 8 a ■ 90 # . 

so In the following, the case of * a » e 0 is considered. From the definitions of equations (62), (63) and (43), 
X approaches 0 and 9 approaches 

Returning to equation (45), the following equation should hold based on equations (41) and (43). 

55 Um (y - 1) sin X » ma/2 (69) 

Becaus fl a approaches 0, the following equation should hold for X = 0. 

20 
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-I s cos Y - (ma / 2) sin Y (70) 
'n the definition of equation (63) .vith respect to Y. i 0 :$ replaced by i. (total -eflecticn angle). 

"n b /l (sin 9 c )b = cot-l(ma / 2) {71) 
cos [(*n D /l h sin 5c] 3 0 

Ths equation (72) has a definite root as follows. 

b ■ * / (2n b sin 9 C )- • (?3) 

This expresses the upper branch for 9 a = 0 in Fig. 4. The lower branch for e a = 0 is expressed oy ire 
following equation (71). 

b/0.8955 * cofl (a/0 .8955) (74) 

By solving the simultaneous aquations (68) and (74), the intersection of the lower branch for 3 a = 0 and the 
upper branch for d a = 90 ' can be found. 

It is important that the region ^ satisfying S < -1 in the whole area of 0 a of from 0 to 90 ' exists. 

If the respective thicknesses of the films I and II are selected to be a and b within the region. ,t 3 
deduced that light can be enclosed in the core (corner) against any oblique angle &Z 



Calculation of Attenuation 

It is apparent that light at ail angles S a is attenuated as the light moves right in the region Although :t 
has been described that the number of layers n can be arbitrarily selected, a question how many layers 
should be used is still remaining. 

For example, the point (a - 2 micrometers, b = 0.7 micrometers) in the vicinity of the center of t 13 
considered as an example. 

The most difficult light to enclose is at 0 a 3 90' . In this case, the number n is suitably estimated by 
the example. At this time 



X 


a 


2 / 1.083 » 1.847 


(75) 


Y 


a 


0.7 / 0.414 « 0.691 


(76) 


i 


a 


1.499S 


(77) 


S 


a 


-1.3995 


(78) 


A 


a 


-0.4203, -2.379 


(79) 



It is apparent from the value of X » -0.4203 that the amplitude of leaking light is reduced by about 40% 
as n is increased by one layer. The power of light is in proportion to the squar of the amplitude. 
Accordingly, it is apparent that the power is attenuated to about 17% even at n ■ 1. At n ■ 2, the power is 
attenuated to about 3 %. 

This is calculated under the most severe condition of « a = 90* . Becaus < a is really smaller than 90 
the actual attenuation is greater. Accordingly, it is to be understood that light can be relatively efficiently 
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enclosed even at in = 2 or even at n = I . If n is 3 or larger, iight can be almost comoieteiy enclosed. 



10 



Example 

A silver bromide core optical fiber having an alternately laminated multi-layer film as shown in Fig. 2 
was prepared. The diameter of the AgBr core was 700 micrometers. 

The alternately laminated muiti-iayer film was prepared as follows. The core was coated with a i 
micrometer thick PbF 2 film and thereafter further additionally coated with a 1 micrometer ;hick Ge film. 
Such procedure was repeated 10 times. Thus, there was prepared an alternately :ammated multi-layer riim 
having totally 20 layers and a 20 micrometer thickness. 

Because a 3 b a 1 micrometer, fight can be enclosed with respect to all the oblique angles * a . 
Such an alternately laminated multi-layer film having 10 periods and a 20 micrometers thickness was 
further coated with Nylon. 

is A 700 micrometers AgBr fiber core was directly coated with Nylon to thus prepare a fiber as a 
comparative example. 

Carbon dioxide laser light was passed through each of the optical fiber according to the invention and 
the optical fiber as the comparative example to thereby measure the temperature rise ( # C) at the position at 
a distance of 1 cm from the exit 9nd. 
20 The reason why the Nylon coating was used is that Nylon can sufficiently absorb C0 2 laser light, (f Co 2 
laser light leaks out of the fiber, Nylon efficiently absorbs the light so that its temperature rises. 

in the case where this fiber is constituted by merely a core, the fiber can transmit carbon dioxide laser 
light of 45 W. With successively changing the transmission power of the carbon dioxide laser to 2W, SW. 
10W, 15W and 250W, the temperature rise was measured by a thermocouple which was put in contact with 
25 a position being at a distance of 1 cm from the exit end. The results are shown in Table t. 

TABLE 1 

Rise off temperature (dec) 



JO 



35 



40 



45 



SO 



CO2 laser trans- Comparative example Example according 
Mission power Direct Nylon coating to this invention 

Multilayers (PbF 2 /Ge) 

(W) x 10)+Nvlon coating 

2 28° 3° 

5 69° 6° 

10 142° 13 

15 Occurrence of injury 18° 

at output end 
150 - 178° 



It is apparent from the results that the temperature rise in the fiber having the alternately laminated 
multi-layer film is very little, and is about one-tenth as much as in th fiber having no alternately laminated 
multi-layer film. 

55 In the case where the fiber is constituted by merely a core without having any Nylon coating, the fiber 
can transmit laser light of 4§W. How ver. in the case where the fiber is coated with Nylon, the exit end is 
injured by laser light of 15W so that the fib r cannot transmit light of 15W. This is becaus the leaked light 
is converted into heat by the Nylon. 

22 
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Th9 'act *ha( the temperature rise is .ittte m :he example according :o re cresent "ver-icn - ic :e :* 
being coated with Nylon having good absorbency means -hat the eaked light -ittle exists at re :-:3.re : : 
the muiti-layer film. 

Furthermore, in this example, high-power C0 2 !aser light of 1 50 VV could be trar.smittea. 
5 in a variation of the preceding embodiment shown in Fig. 16, th9 core 1 15 coated with 2 =aver 2 :: = 
: !uoride PbF 2( and the PbF 2 'ayer 2 is further ccated with another layer 3 of AgBr (or AgGV T-ese ::a;r; 
ayers are formed through vacuum evaporation, sputtering, or the like, it s ccssibie r .o efficient**/ e^c cse 
infrared rays within the optical fiber core by means of the PbF 2 and AgBr layers 2 and 3 *c:. n q is a 
:!adding. 

'0 Fig. t7 shows another example of the optical fiber in which :he number of repetitions :f :re rearing 
! ayers of PbF 2 and AgBr (or AgCI) is increased. 

Such a film that is formed by repeated coatings of two kinds of materials as described above 5 -sfere-: 
to as an alternating muiti-layer film, which is often abbreviated to PbF:-AgBr. 

In this example, the fiber core is made of AgBr and has a diameter of 700 micrometers. Three tuk - 
15 layer film pairs each constituted by PbF 2 and AgBr layers, that is, six thin films, cover a region :r 5 :~ 
from each of the incident and exit ends. The thicknesses of the film of PbF 2 and the fiim or AgBr are J- 
micrometers and 2.6 micrometers respectively. That is, the total thickness of the multilayer films s ;9 3 
micrometers. 

As in the previous embodiment, the multi-layer cladding may be restricted io the wo ends, as shewn >n 
20 Fig. 18. 

The film I is a PbF 2 layer having a low refractive index (n a = 1.558), the thickness of which s 
represented by a. The fiim II is an AgBr layer having a high refractive index (n b = 2.2), the thickness of 
which is represented by b. 

Fig. 18 shows curves" showing the values a and b which satisfy S = -1. with the oblique angle a =n the 
25 PbF2 layer as a parameter. In the drawing, the~abscissa and the ordinate show the thickness a (mirometers) 
of the PbF 2 layer and the thickness b (micrometers) of the AgBr layer respectively. 

As the oblique angle 9 a . values such as 0* , 24.2* , 44.8* , 61 ' . 75.7* and 90* were selected. 

Respective points of intersection J between leaf-shaped figures and the a-axis are obtained on re basis 
of the expression (64). 

30 With respect to the PbF 2 film, assuming that the refractive index n a = 1.558 and 1 a i03 
micrometers, the relation between the oblique angle and the thickness a of the PbF 2 film intersecting the a- 
axis is as follows: 



9a 


s 


0° 


a 


s 


00 




9a 


■ 


24.2° 


a 


9 


8.3 


micrometers 


9a 


m 


44.8* 


a 


m 


4.3 


micrometers 


9a 


m 


61° 


a 


s 


3.9 


micrometers 


9a 


3 


75.7* 


a 


s 


3.5 


micrometers 


9a 


m 


90* 


a 


a 


3.4 


micrometers 



The values of the angle 0 b are determined as follows corresponding to the same values of the angle 5 3 . and 
the respective values of the thickness b intersecting the b-axis are obtianed as follows corresponding to the 
determined values of the angle * 
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0 44 

24.2 49 

44.3 59 
io 61 70 

75.7 79 
90 90 

The reason why the variation in value of the thickness b intersecting the b-axis is small is that <he 
refractive index of AgBr is larger than that of PbF*. 

in Fig. 19, therefore, the b-axis is elongated to be twice as large as the a-axis. 

All the figures satisfying S 3 -1 with the angle as a parameter are varitions of th leaf-shaped rigura of 
20 Fig. 13. The sizes along the ordinate and the abscissa are nothing but enlarged or reduced in accorcancs 
with 1/h a sin 8, and 1/n b sin $ b . 

In the hatched region it is possible to enclose all the light having the oblique angle a 3 within a range 
of from 0 to 24.2* . 

Although the angle d of 24.2* seems small, this value is not so small. This is the value of the oblique 
25 angle in PbF2. If a core is made of AgBr, the oblique, angle in the core is 50* , and therefore the angle of 
24.2* is considerably large. 

Since it is presumed that there essentially exists only a few light rays having such a large oblique 
angle, almost all the light transmitted through the core may be considered to have an oblique angle bemg 
not larger than 24.2*. Accordingly, it is possible to enclose substantially all the light if the values of -re 
30 thicknesses a and b are selected within the region 

Althougrfthe region ^ is defined so as to be a * 0.3 - 7.8 micrometers and b 3 0.6 - 3.1 micrometers, 
this definition is not correct because the region ^Ts not rectangular. 

An expression coresponding to 0 a 3 24.2* is as follows: 

35 

cos2 (a /5.28 ♦ b/1. 983)2 . i#0 4 sin (a/2.64) sin (b/0.991) 

.•. (67) 

An accurate expression of the lower branch of $ 3 0 is as follows: 

a/2.172 • cot (b/2.172) (68) 

45 

An accurate shape of the region * can be obtained on the basis of the expressions (67) and (68). 
A doubly hatched region & is more preferable. In this region, it is possible to enclose light having the 
oblique angled, within a range of from 0 to 44.8* . 

so 

(1) Example of Calculation 

In the region ^ ail th light having an oblique angle within a range of from 0 to 24.2* is attenuated 
55 as it is transmitted toward th right 

In the foregoing calculation, only the boundary S 3 -1 is obtained, but no consideration has been made 
into the inherent valu . Therefore, consideration will be mad her to the number n of the films which 
suffices for the requirement For exampl , a point is taken which is defined by a 3 3 micrometers and b - 

24 



b (micrometers) 
•9 3.41 
.8 3,12 
.8 2.79 
•0 2.56 
.7 2.45 

2.41 
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i micrometers m'the vicinity of the center of the regicn 4 is taken. 

The light having the angle 9 a of 24.2 is the most difficult to be enclosed among :he gnt r&. ~- 
angle 9 a ,v»thin the range of from 0 to 24.2 Therefore, consideration vill ce made n ere is *: " r r : " 
having the angle } d of 24.2* . Although the light having the oolicue angle m a range of from 3 to 2CC-L r :0 
5 :an be enclosed, calculation is made here as to the tight having the angie of 24 2 ' 

X * 3 / 2.64 = 1.136 
:0 Y * 2 / 0.992 

Y = 1.595 

/5 Accordingly, 

S - -1.425 
20 x 9 -0.410; -2.44 

From the value x = -0.41, it can be found that the electric field amplitude is reduced to about 40° ■» 'as 
the number n of the films is increased by one. Power is reduced to about 16% as the number n $ 
25 increased by one because the power is proportional to the square of the amplitude. When n = 2. the power 
is reduced to about 3%. 

From this result, it is found that light can be efficiently enclosed even when n * 1, and substantias:'/ 
perfectly enclosed when n 5 3. 

30 

Example 

Such an optical fiber as shown in Fig. 18 was formed. A fiber core made of a silver bromide crystal and 
having a diameter of 700 micrometers is coated over a length of 5 cm from the exit end with six layers n 
35 total consisting of three thin films of PbF 2 each 4 micrometers thick and three thin films of AgBr each 2.5 
micrometers thick. The layers of PbF2 and the layers of AgBr are alternately and repeatedly formed for 
three cycles. 

In order to confirm that this structure is effective in enclosing fight, light leaking at the exit end portion 
coated with the multi-layer film was detected by an infrared-ray detector. Leakage light in the case where 
40 coating was performed was reduced to about 50% in comparison with the case where no coating was 
performed. 

the previous embodiments include an infrared-ray optical fiber having a core formed of silver bromide 
(n = 2.2) and a cladding formed of silver chloride silver chloride (n = 1.98). However, the infrared 'ight 
containment can be improved. 

45 Because the infrared-ray optical fiber is generally used for transmitting light power, heating of the 
optical fiber is one important problem. Paticluarly, remarkable heating occurs both at the incident end for 
transmitting light form the laser to the optical fiber and at the exit terminal for transmitting light out of :ne 
optical fiber. At the intermediate portion of the optical fiber, heating is relatively insignificant. However, if the 
optical fiber is fixed, the core is distorted by the pressure of the fixing member so that heating occurs owing 

so to the increase of absorption. 

As described above, the absorption of the optical fiber increases at the incident and exit ends and the 
fixing portion so that significant heating occurs. The optical fiber is easily injured owing to the heating. 
Accordingly, light transmission power is limited so that the optical fiber is prevented from being injured, if 
the light absorption of th optical fiber can be reduced, the optical fiber can transmit stronger power. 

55 

Alternately Laminated Multilayer Cladding 
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In the previously described core and ciad structure. Sight 'S enclosed in :he cere by use :f :re 
internal reflection of light at the boundary cetween the cere and :he cladding. The total reflection arg:e . at 
■he core boundary is determined by the equation: 

9 C » n 2 / ni (74) 

where nt is the refractive index of the core, and n 2 is the refractive index of the cladding. 

Such light containment as described above is difficult in the infrared-ray octical fiber, because mater 31s 
10 of nearly equal refractive index cannot be easily obtained. The inventors have ;hought of means for ignt 
containment on the basis of a principle quite different from the above-aescribed light containment cased on 
total internal reflection. 

The light containment can be attained by alternately and successively laminating a high refractive 
material II and a low refractive material I on the outer circumference of the core. The refractive index ^ of 
rs the core is not limited by the refractive indes n* of the low refractive index material or the refractive index 
n 2 of the high refractive index material. Of course. n 2 n,. However, the relation among those refractive 
indexes may be no S ni < n 2l ni < no £ n 2l or ni < n 2 S n 0 . 

When the thickness of the film of the high refractive index material II is represented by b and the 
thickness of the film of the low refractive index material I is represented by a, the repetition period 
20 represented by L is expressed by the equation L * a + b. 

Let k and m be the wave number of waves perpendicular to the films I and II respectively. Let 3 a and i b 
be the angles between the light rays and the films I and II. 



25 n 0 cos 9q « m cos 9 a = ni cos e b (75) 

The wave number k at the film I is expressed by the following equation. 

30 

k » (2 n/\ )m sin 9 a (7g) 
The wave number m at the film II is expressed by the following equation. 

3S 

ra - (2V \ ) n 2 sin e b 
Y • (a / k + k / ro)/2 

40 

8y equation (5> t the definition of y is given. 
This is a value larger than 1 . 

Let ka and mb be replaced temporarily by X and Y. 

45 

ka • X 
mb » Y 

50 



(77) 
(78) 



(79) 
(80) 



Then when S defined by the following equation (81) is smaller than -1, light traveling from the core to the 
films I and II is returned to the core by Bragg reflection. 

55 

S - cos X cos Y - V sin X sin Y (81) 
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The combination of thicknesses (a. by to cause 8ragg reflection has 9 3 two-dimensiorau'y z<'±r.z*c -ar;e 
with respect to the respective angle 4 a . ff <he values of ;he respective :h ickr.es ses a and o ara isw-^^c 
so that Bragg reflection always occurs at any value of the angle i 3 , light can ce encicsea m""-** :ca 

The name of "alternatey iaminatea multi-layer film" is given by :he fact that :'ne "lims ir.a 1 re 
5 alternately repeatedly laminated on the core. The alternately 'aminated multilayer ; ;:m prccuces >;~t 
containment owing to Bragg reflection, which is quite airfferent from the aoove-d escribed ignt rcrrainr-.ert 
:wmg to total reflection (equation (74)). 

However, the condition of S S -i is considerably severe, and the range of the :hic:<resses a. oj t 
cause Bragg reflection becomes narrow if l is not sufficiently larger than I. Accordingly, it 3 orereracie :~at 
*o a very high refractive index material is used for the film II. 

From this view, an infrared-ray optical fiber having an alternately laminated multi-layer cad using p^f : 
and Ge in combination has been prepared, in this case, the refractive index of PbFi -s l 553. arc ere 
refractive index of Ge is 4.07. Accordingly, the range of thicknesses capaote of producing 3ragg rer!ec:;cn 
is wide. The range of the thicknesses capable of raising Bragg reflection is established at ail :he angies of 2 
is of from 0 to 90 degrees. 

Furthermore, an alternately laminated multi-layer cladding of PbF 2 and Ag8r has ben creoarea. T>e 
refractive index of PbF2 is 1.558. and the refractive incfex of AgBr is 2.2. Accordingly, the ^ange :f :re 
combination of thicknesses capable of causing Bragg reflection at all the angles of 9 a dees not exist, if the 
angle 3 a is smaller than 30 degrees, the range of the thicknesses capable of raising 3ragg reflection exists. 
20 Furthermore, an alternately laminated multi-layer cladding of PbF 2 and AgCI can be considered. However, 
because the refractive index of AgCI is 1.98, 8ragg reflection cannot be produced if a 3 >s rot relatively low 

Let n be the number of repeated layers in the alternately laminated multi-layer film. The effect of 
containment is more improved as the repetition number becomes larger. However, manufacturing such "a 
multi-layer film is difficult and expensive. As the repetition number n becomes larger, manufacturing cost 
25 increases. 

The inventors have invented an infrared-ray- optical fiber having a core surrounded by an alternately 
laminated multi-layer ciad of such as PbF2/Fe, PbF2/'AgBr or the like. 

In the case where the whole surface of the optical fiber is coated with the alternately laminated multi- 
layer film, a problem exists in the economy of its manufacture because of the enormous cost required rcr 
30 forming the coating. A further defect is that it is difficult to maintain the thickness of the film constant ever 
the whole of the optical fiber, 

in the case where the multi-layer film is provided only at each of the incident and exit 6nds of the 
optical fiber, cost is relatively iittle. Because the incident and exit terminals, which are easily heated owing 
to absorption, are coated, stable infrared light transmission can be made and heating of the fixing portion 
as can be reduced. 

However, the intermediate portion of the fiber is not coated with the alternately laminated multilayer 
film, so that light absorbing matter, such as water, dust, the internal wail of a fiber protection tube, or the 
like, often comes in direct contact with the core. As a result, laser light is greatly absorbed at the contact 
point to thereby heat the fiber and injure it 
40 Generally, the intensity of light leaking out of the optical fiber is iarge at its incident and exit end. 
Accordingly, the principle that the alternately laminated multi-layer film is provided at both the ends of the 
fiber is reasonable. 

However, it is not reasonable that the intermediate portion does not need coating. As described above, 
the effect of the air cladding may disappear owing to the deposition of light absorbing matter on the core. 
45 Furthermore, if the infrared-ray optical fiber is repeatedly bent, the leakage of light at the intermediate 
portion increases. 

Fig. 20 is a graph showing the result of measurement of the intensity of light leaking from a side of the 
core in the case where the optical fiber core transmits carbon dioxide (CO2) laser light. The fiber used m 
Fig. 20 has no cladding but has a core, 
so The axis of the abscissa shows the lengthwise position of the optical fiber from the incident end to the 
exit terminal. The axis of the ordinate shows the intensity of leakage light at the lengthwise position. The 
intensity is measured by an infrared detector applied to a side of the fiber core. 

Th solid lin shows an "initial state", which means the state of th optical fiber that has not yet been 
bent Leakage light at the intermediate portion is very little. It is apparent that the leakage of light occurs 
55 mostly at the incident or exit end. 

The broken lin shows th intensity of leakage light with respect to the same infrared-ray optical fiber 
after it is repeatedly bent In practical use, th infrared light fiber may be rep atedly bent. Th bending 
produces a defect in the core to thereby increas disp rsion and increase leaking light. Particularly, leakage 
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"'ight at the intermediate portion is Increased. However, the leakage light at 'he 'niBcrreciate portion s s: ' 
significantly less than that at the incident or exit end portion. 

Neither the method of coating the *hoie surface of the optical fiber vith the alternately :ammated : ■ 
'ayer film nor the method of coating only the opposite ends of the optical fiber with :re alternately amtrated 
5 muiti-layer film can produce the profile of leakage light of Fig. 20. 

The optical fiber according to this aspect of the present invention is characterized in that ccm re 
intermediate portion and each of the incident and exit end portions are coated with an alternately ; amira:3d 
multi-layer film. The optical fiber is further characteized in that the repetition number n at each of re 
incident and exit end portions is larger than the repetition number m at the intermediate portion r-e 
to "repetition number*' means "cycle". The thickness of film at each of thelncident and exit end portions is n. 
and the thickness of film at the intermediate portion is ml. That is, the nubmer of ; ayers of both types :f 
films at each of the indicent or exit end portion is 2n, and the number of layers at the intermediate portion s 
2m. 

The present invention is further characterized in that the following relation is satisfied. 

rs 

n > m > 0 (82) 

For example, at first the whole surface of the fiber core is coated with one cycle of alternating films. 
20 Thereafter, the terminal portion is additionally c ;ated with two cycles of alternating films. As a result, a f : ber 
constituted by opposite terminal portions each having a three-cycle (n = 3) multi-layer cladding and an 
intermediate portion having a one cycle (m = 1) multi-layer clad, can be realized. 

Fig. 21 is a sectional view showing the structure of the infrared-ray optical fiber according to the present 
invention. To prevent the leakage of light at the intermedite portion, an m-cycle alternating multi-layer film rs 
25 provided at the intermediate portion. To prevent to a greater extent the leakage of light at each of the 
incident and exit end portions, an n-cycle alternating multi-layer film (n is larger than m) is provided at each 
of the incident and exit end portions. 

The case where the alternately laminated multi-layer film is uniformly provided at the whole surface if 
the fiber can be expressed by n * m. The case where the alternately laminated multi-layer film is provided 
30 only at each of the incident and exit end portions can be expressed by n > 0 and m = 0. The 'alternately 
laminated multi-layer film" means a combination of thin films, such as PbF2 / Ge, PbF2 * AgBr, or the like. 
In the case of PbF2 / Ge, the thickness of each film is preferably about 1 micrometer to 2 micrometers, in 
the case of PbF 2 /AgBr, the thickness of each film is preferably of the order of micrometers. 

The diameter of the core can be suitably selected in accordance with the poer of carbon dioxide laser 
as light to be transmitted. For example, a core having a diameter of about 500 micrometers to 10C0 
micrometers can be used. 

Evaporation, sputtering, etc., can be employed as the method of coating the surface of the optical fiber 
with clad matreial, such as PbF2, Ge, AgBr and the like. 

40 

Example 

A silver bromide crystal optical fiber core with a diameter of 500 micrometer was used as a core. The 
length of the fiber core was 100 cm. The whole surface of the core was coated with an alternately laminated 
45 film of PbFj and AgBr for one cycle (two layers). That is, m was 1. Each of 10 cm long portions from the 
incident and exit ends was additionally coated with a four-cycle film. That is, each end portion was coated 
with a five-cycle alternately laminated multi-layer film (totally, 10 layers). 

Fig. 22 is a graph showing the result of measurement of the amount of light leaking over the whole 
length of the infrared tight fiber. The axis of the abscissa shows the position of the fiber measured from the 
so incident end. The axis of the ordinate shows the amount of leakage light meausred by a-n infrared detector 
applied to a side of the fiber. 

The solid line B shows the result for the above-described optical fiber. The structure of the optical fiber 
is illustrated at th upper portion of the graph. It is apparent form the solid tine B that the amount of leaking 
light is very littfe even at th end portion. This is an excellent fiber. Of cours . leakage at the intermediate 
55 portion is also littl . it is because the one-cycle alternating film is provided at the intermediate portion. 

Furthermore, it is apparent that leakage light is almost uniform over the whol length. Although the 
amount of leakage light at the incident or exit end portion is generally larg , the leakage light can be almost 
complet ly prevented by th specific five-cycle alternating film covering the end portions. 
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* The broken lineC snows the threshold level of 'ight miury awing ;o the contact ceween a ac scree- 
and' the fiber. The threshold level s such that. ! f a light absorber comes in ::n:acc .virh re : :er ■- 
respect to which 'eakirg light at non-contact is at -he ! evei C, fight is absorbed oy :ne ^grt acsccer 
■hereby heat the fiber to break it. 
5 Even if 'eakage light is over the level C, the fiber not. touching any ight aosorter >s not ..-.-res 
heating. However, if there is the possibility of touching a light absorber, a fiber for /vmch 'eakage .igrt ?< s:s 
above the revel C cannot be used for the power of the sight. 

Next, the optica! fiber according to the present invention was repeatedly cent by tracing a circ- ar arc 
naving a radius of 10 cm for 10,000 times cycles. In practical use. the fiber may be receatediy cent. 
to determining the influence, the fiber was repeatedly bent. 

The result of measurement of the amount of leakage light is shown by the broken ^ine 3'. 

The amount of the leakage light at the intermediate portion is increased. This eakage occurs cecacse 
scattering centers are produced in the core by the bending. Hoever, the leakage >s below the thresrcic evet 
C of tight injury. 

15 In short, the optical fiber according to the present invention is kept at a safe level even if it :s receaieciy 
bent in practical use. 

As a comparative example, a fiber having only a core not coated with any alternately lammatea ~uit!- 
tayer film was measured in the same manner. That is. a 100 cm long silver haiide (AgBr) crystal fiber with a 
diameter of 500 micrometers was measured. 

20 The result is shown by a two-dotted chain line A of Fig. 22. At the intermediate portion, the graph A s 
under the level C but over the graph 8. In short, the leakage at the intermediate portion is larger than that of 
the optical fiber of the invention. The leakage at each of the incident and exit end portions is far larger than 
the level C. Particularly, the leakage at the incident end is remarkable. 

The fiber having only a core was repeatedly bent by tracing of the fiber over a circular arc having a 

25 radius of 10 cm at 10.000 times. The result of measurement of the amount of leaking iight after the bending 
is shown by the one-dotted chain line A'. Leakage at the intermedite portion is increased. Even at the 
intermedite portion, the leakage is over the level C. Accordingly it is apparent that use of the fiber having 
only a core is risky. It is because leakage light is increased by bending to thereby easily induce heat injury 
of the optical fiber. 

jo Infrared optical fibers of the type incorporating a metal layer provided on the outer surface of an ooticai 

fiber core are commonly known. However, infrared optical fibers having a cladding structure for a general 

purpose have been not proposed yet 

One part of this application describes an infrared optical fiber having a novel cladding structure fcr the 

purpose of carrying CO2 laser light. 
35 The fiber has an alternately laminated multi-layer film which is formed of two kinds of materials of 

different refractive index and which is provided as a cladding on the outer surface of an infrared-ray optical 

fiber core. 

The cladding material should well transmit infrared light. For example, an alternately laminated multi- 
layer film of PbF 2 /Ag8r or an alternately laminated multi-layer film of PbF 2 /Ge is provided on the outer 
40 surface of the optical fiber core. 

3ecause the cladding consisting of the alternately laminated multi-layer film reflects infrared light at the 
boundary between adjacent layers of different refractive index, the cladding has such a function that light 
directed outward from the core is reflected to be returned to the core. 

As the layers within the multi-layer film are increased in number, the probability of occurrence of 
45 reflection increases. Accordingly, infrared light can be efficiently enclosed within the fiber core. 

The principle of the alternately laminated multi-layer clad is remarkably different from that of the single 
cladding layer in the silica glass fiber or the like. 

With respect to step-index-type silica glass fiber, an important problem exists in the difference m 
refractive index between the core and the clad. In many cases, the difference in refractive index between 
50 the core and the cladding is established to a very small value. This is because the silica glass fiber .s 
mainly used for transmitting signals without distortion. Accordingly, the refractive index of the cladding is 
limited by the refractive index of the core, Thus, the clad material is determined depending on the core. 

With respect to a infrared optical fiber, it is not necessray that the difference in refractive index between 
th ) core and the cladding should be established to a small value, because the infrared optical fiber .s not 
ss used for transmitting signals but is used for transmitting light power. 

The alternately, laminated multi-layer clad proposed by the inventors has a problem in the difference in 
refractive index between two kinds of materials forming a cladding. This is because reflection at the 
boundary b tween adjacent layers within th multi-layer cladding is more important than the reflection at the 
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boundary between *he core and the clad. 

For this reason, the materials of the cladding can ce suitably selected without limitation owing r 0 re 
refractive index of the core, that is. without 'imitation owing to :he material of the cere. 

The alternately laminated mmtHayer film can effectively enclose infrared light independently cr r.e kmc 
5 of the core. 

Many kinds of materials can be used for the core of the infrared optical fiber and have respectively 
advantages and disadvantages. The infrared optical fiber has an advantage in mat the materials of *:*e 
cladding is in principle not limited by the refractive index of the core. 

The alternately laminated multi-layer cladding type of optical fiber is very useful particularly in the case 
'to where high power CO2 laser light energy is transmitted. In the infrared optical fiber having the alternately 
laminated multi-layer clad, infrared light leaks out of the side surface of the fiber to only a minor extent. 
Even if light absorbers, such as dust water and the like, are deposited on the outer surface of the fiber, 
light is not absorbed by the deposited absorbers. Accordingly, the advantage is that accidents such as 
heating of the fiber owing to light absorption and injuring of* the fiber do not happen. For this reason, the 
rs infrared optical fiber having the alternately laminated multi-layer cladding has a transmission characteristic 
that is not influenced by the environment. That is. such an optical fiber can be realized which has a stable 
transmission characteristic. 

Generally, the optical fiber should be fixed by certain means in order to adjust the input or output end 
thereof to a converging optical system, such as a lens, a mirror or the like, which controls the incidence of 
20 light to and the exit of light from the fiber. 

However, the fiber is locally heated owing to the contact between the fixing member and the fiber. This 
may cause an accident that injuries the laser at a fixing portion. The reason is that the fiber is distorted by 
the fixing member pressing the fiber to thereby increase the leakage of light The alternately laminated 
multi-layer clad could suppress the leakage of light at the fixing end and could effectively prevent the 
25 heating of the optical fiber at the fixing end. 

As described above, the infrared-ray optical fiber having an alternately laminated multi-layer cladding 
which has been invented by the inventors of this application shows an excellent effect. However, the 
materials used as the multi-layer clad have been crystalline material, such as PbF 2 . Ge, AgBr, AgCl, and 
the like. This type of materials are easily injured by friction. As a result the infrared-light containment effect 
30 of the multi-layer film has been often reduced by the injuring of the material. 

Further, the multi-layer film cladding is arranged to reflect outward traveling light at a boundary between 
adjacent layers and attenuate the outward traveling light in the multi-layer film. Therefore, it is impossible to 
completely contain the lfc:ht 

Fig. 30 is a graph stowing a radial distribution of light intensity inside the optical fiber. As shown in the 
as drawing, the light intensity is high at the center of the optical fiber, and is attenuated in the multi-layer film 
cladding. However, the light intensity is not reduced to zero even at a position outside the outermost layer 
of the multi-layer film cladding. That is, the light power is not reduced to zero even at the circumference of 
the optica) fiber. Although the amount of light power leaking out of the circumference of the optical fiber is 
slight relative to the total light power, the amount inevitably becomes large as the absolute amount of light 
40 power propagated through the optical fiber increases. Therefore, in such a structure in which only the 
alternately laminated multi-layer film is provided on the circumference of the optical fiber, there is a limit to 
the transmitted light power. When the light power to the transmitted exceeds this limit the light power 
leaking to the circumference of the optical fiber increases, so that the optical fiber may generate intense 
heat to thereby damage the laser if it contacts a light absorber or a terminal fixing member. 
45 in one embodiment as shown in Figs. 23 and 24. the outer surface of an optical fiber core 1 .s coated 
with a multWayer cladding 2. The multi-layer cladding 2 may cover the whole surface of the optical fiber 
core t or may partially cover the input or output end thereof. The outer surface of the multi-layer cladding 2 
is further coated with a resin layer 4. jff , . 

Material used for the optical fiber core 1 can be suitably selected. Examples of fibers capable of 

so tranmitting CO* laser light are as follows. 

(1) Alkali Halide Crystals t i . . 
Crystals of Cs8r, Csl. KI. KBr, NaCI, CsClffcCI, NaF, UF and Nal, and mixed crystals thereof. 

(2) Silver Halide Crystals 

Crystals of AgBr. AgCt and Agl, and mixed crystals thereof. 
55 (3) Thallium Halide Crystals 

Crystals of T18r. TiCI and Til, and mixed crystals thereof. 

(4) Crystals of ZnSe and ZnS. and mixed crystals thereof. 

(5) Chalcogenide Glass 3 
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" As-3 

The present invention is aooiicable to any core material. 

The multi-layer ciadding 2 is almost transparent : or infrared light and is formed by alternately ;:a:r; :* 
■wo kinds of materials having different refractive index. 
5 The 'nventors have perfected a multi-layer cladding of alternate iammates cf PbF 2 and AgBr. =br : 5 ; 
ow refractive index material and AgBr is a high refractive material. The inventors nave aireacy a: 5.: 
cerfectea a PbF 2 /Ge alternately laminated multi-layer ciadding. 

The cresent invention is characterized in that a resin layer 3 is further proviced on sucn an alternate; ; 
ammated muiti-iayer cladding, 
'0 The resin layer 4 is provided to protect the multi-iayer cladding 2 to thereby prevent its niury t f :re 
multi-layer cladding 2 is injured, the injured portion is intensely heated owing to the leakage of »gnt :o 
:hereby injure the fiber's body. 

The resin layer 4 is almost transparent to infrared light and preferably employs a material net arger * 
refractive index than the low refractive index material of the- multi-iayer cladding 2. if :he resin ! ayer .5 * C r 
?5 transparent for infrared light, the resin layer possibly absorbs infrared light to thereby induce nterse 
heating. If the refractive index of the resin layer is higher than that of the low refractive index matenai :~e 
tnfrared-iight containment effect of the cladding 2 is reduce. Polyethylene is a material which is transparent 
in the infrared region and has a refractive index of 1 .46. 

In the multi-layer claddings of either PbF 2 /Ag8r or PbF 2 /Ge prepared by the mventcrs, ;ne ow 
20 refractive material in each of the claddings 2 is PbF 2 . The refractive index of the low refractive material -s 
1.55 for infrared light. Even if PbF 2 is replaced by polyethylene to form a multi-layer clad, the cladding can 
have the same effect as the PbF 2 AgBr cladding with respect to the light containment effect because the 
refractive index of polyethylene is smaller than that of PbF 2 . 

However, polyethylene has a very large light absorption coefficient of 200 cm' 1 for the C0 2 'aser 
25 wavelength 10.6 micrometers. Even if a thin polyethylene film is used, the absorption is considerable, if ail 
the low refractive layers of the multi-layer cladding are replaced by polyethylene layers, absorption owing :o 
the polyethylene possibly occurs in the case of large transmission power to thereby injure the fiber 
Accordingly, polyethylene cannot be used as the low refractive material within the alternately laminated 
multi-layer c!ad. 

30 In the present invention, a resin layer of polyethylene or the like is provided on the outer surface of :ne 
multi-layer clad. At the outside portion of the multi-layer ciad, light power is sufficiently attenuated by ;he 
Hght containment effect of the multi-layer clad. Accordingly, there is no danger of light injury occurring 
owing to light absorption by the polyethylene layer. Furthermore, one of important features is that the Hgnt 
containment effect of the multi-layer cladding is not spoiled because polyethylene is provided as a lew 
35 refractive material on the outside of teh multi-layer cladding. 

A resin layer 4 is provided at the outermost of an infrared light fiber having an alternately lammatea 
multi-layer cladding 2. The resin layer can protect and prevent the injury of the multi-layer ciadding 2. 
Accordingly, the fiber has a mechanically stable multi-layer cladding structure. 

Because the multi-layer clad is not easily injured, the light containment effect thereof is not spoiled 
40 THe possibility of occurrence of the laser injury of the fiber can be descreased. 

8ecause the refractive index of the resin is not larger than that of the low refractive material within the 
multilayer ciad, the light containment effect of the multi-layer ciad is not spoiled by the addition of the resin 
layer. 

The optical fiber according to the present invention can be used as an optical fiber for transmitting 
45 carbon dioxide laser light for various purposes, such as a light transmission line for laser medicine and a 
light transmission line for (aser machining. 

In Figs. 25 - 29, the optical fiber according to another embodiment of the present invention is arranged 
such that a metal layer having a high reflection factor is provided on an outer circumference of an 
alternately laminated multi-layer film clad, 
so The metal having a high reflection factor may include, for example, gold, silver, aluminum, and the ike. 
The thickness of the metal layer may be selected to be of the same order as or less than the wavelength of 
infrared light that is, suitably selected to a value within a range of from 0.1 micrometer to 10 micrometers. 

The wavelength of light to be transmitted through the optical fiber according to the present invention is 
assumed to be 10.6 micrometers which is th wavelength of a C0 2 laser beam, or a value in the vicinity of 
ss this wavelength. In such a region of wav length, th foregoing metal materials can easily realize a 
reflectivity not smaller than 95%. 

Fig. 25 and 26 are a cross section and a longitudinal side view in section, showing the optical fiber 
according to th present invention. In the drawings, an optical fiber core 1 having a large diameter .3 
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provided at the center of the optical fiber. A thin alternately 'aminat d multilayer rilm :;ad 2 s orc.-ecr 
around the optical fiber core 1. A thin metal iayer 4 i$ provided on the outermost circumference of >re 
alternately laminated multi-layer film cladding 2. 

The optical fiber core may be formed by using such a desired infrared-ray fiber material as describee 
5 in the foregoing embodiment, for example, a crystalline fiber of silver halide. thallium halide. aikali nance. :r 
the :ike. or a glass fiber of chalcogenide giass, fluoride glass, or the like. As described above, ;re 
alternately laminated multi-layer film cladding 2 is not limited by the core, but may be a generally used 
ciadding 2. 

The multi-layer film cladding 2 is formed by stacking successive thin films of a material mostly 
ro transparent to infrared rays. Further, the multi-layer film clad 2 may be a combination of materials having 
high and low refractive indexes. 

As described above, the inventors of this application have accomplished the multi-layer film clad of 
PbF 2 /Ag8r. PbF2 is a material having a low refractive index and Ag8r is a material having a high refractive 
index. Thus, the multi-layer film cladding 2 has a function such that infrared light is reflected at :ne 
rs boundary between adjacent films in the cladding 2 so as to be returned into the core 1. Although ;he 
infrared light can be reflected also by the metal layer 3. the component of the infrared light entering into -he 
metal layer without being reflected therefrom is absorbed in the metal layer to thereby generate heat in the 
metal layer. On the other hand, the multi-layer film ciad is made of materials having high transmittance. and 
therefore it never generates heat due to absorption of the infrared light 
20 Additionally, the inventor of the present invention has accomplished a multi-layer film clad of PbFz/Ge. 

Furthermore, it is possible to form another alternately laminated multi-layer film by a combination of 
materials which have refractive indexes different from each other and each of which has high permeaility to 
infrared light 

The outermost metal layer 4 is constituted by a thin metai film made of gold, silver, aluminum, or the 
25 like and having such a function to reflect light leaking out of the alternately laminated multi-layer film clad. 
Thus, light can be perfectly prevented from leaking out of the outer circumference of the optical fiber. 

As shown in Fig. 30, the infrared light power which is allowed to leak out of the alternately laminated 
multi-layer film clad is extremely small relative to the whole light power. Being thus extremely small, the 
leaked light power can be perfectly refelcted by the metal layer to the returned back to the core 1 even if 
30 the metal layer 2 is thin. 

Although the optical fiber according to the present invention has a fundamental arrangement as 
described above, the outer circumference of the metai layer 4 can be further coated with a resin layer 3. a 
shown in the cross section of Fig 28. in order to increase mechanical strength so as to protect the optical 
fiber. The resin layer 3 may be made of, for example, polyethylene. 
35 Since infrared light does not leak out of the outer circumference of the metai layer 4, there is no 
possibility of burning of the resin layer 3. Therefore, it is possible to use any resin material which is suitable 
to be molded. 

Further, since the light leakage may cause a serious problem at the incident and exit ends of the optical 
fiber, only the end pontons can be coated with the alternately laminated multi-layer film. 
40 Also in such a case, a metal layer coating may be effectively provided on the alternately laminated 
multi-layer film at each of the end portions. 

In order to prove the fact that the optical fiber according to the present invention is effectiv in 
improving the amount of light power to be transmitted, the following experiment was conduted. 

An optical fiber core 1 made of crystalline AgBr and having a diameter of 700 micrometers was 
45 prepared. The optical fiber core 1 was coated with PbF* and AgBr by repeatedly alternately laminating one 
on top of the other for three cycles. That is, PbF 2 and AgBr are altemtely laminated and are repeated to 
form a cladding 2 made of three layers of PbFj and three layers of AgBr. This cladding 2 was provided 
over the whole length of the core 1 . 

Two optical fibers were prepared in such a manner as described above. A terminal fixing member 5. 
so shown in the perspective view of Fig. 29, of stainless steel was fixed with resin at each terminal of one of 
the optical fibers which was maintained as it was. This optical fiber was called sample a. 

In the other optical fiber, the multi-layer film cladding 2 was coated with gold" to a thickness of 1 
micrometer according to the present invention so that a metal layer 4 was provided on th optical fiber. 
Then, a terminal fixing member 5 of stainless steel was fixed with epoxy resin 7 at each terminal of the 
55 optical fiber. This optical fiber was called a sample b. The sample a is different from the sample b in that 
the gold layer 3 having a thickness of 1 micrometer is formed in sample b but not in sample a. 

A temperature measuring thermocoupl 6 was made to b in contact with each of side surfaces of the 
terminal fixing members 5. Thereafer, a CO* laser beam was caused to pass through each of these 
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samples. The thermocouple 6 was disposed co detect the temperature rise of che rermmai fixing rer-cer 5 
at the exit end. 

The temperature rise becomes targe as [he laser power becomes sarge. in che samole b. -v^cn 3 3.1 
embodiment according to the present invention, it was practically confirmed that the temperature -se --as 
smaller than that of the sample a and no laser damage was generated. 

Table 1 shows the relationship between the laser power of a CO2 faser beam, and the *esut :f 
measurement of the temperature rise of the terminal fixing member in each of the samples a and b. T-e 
aser power was obtained by measuring the power of the laser beam emitted from its exit end by ~$>nq 3 
power meter. 

Table 1 

C02 Laser Power and Temperature at Terminal Fixing Member 
Transmission Power Temperature Rise (°C) 

of Laser Sample a Sample b 
(Outout end) 





50W 


55 


40 




75W 


31 


6 2 


25 


100W 


113 


35 




125W 


140 


103 


00 


1S0W 


170 


125 




175W 


Laser damage 
in terminal 


145 


35 




fixing member 





As apparent from these results, the temperature rise in the sample b provided with the 1 micrometer thick 
gold layer was suppressed to 70 • 30% of that in the sample a provided with no gold layer. 

40 Further, in the case where the power of the CO2 laser beam was 175W, damage was generated in the 
terminal fixing portion of the sample a so that the sample a was not able to be used. The sample b, on the 
contrary, could be used even in the case of the laser' power of 175W. On the assumption "that the 
temperature rise is a factor for determining an upper limit of laser power which can be transmitted, the 
sample b according to the present invention can transmit laser power larger than that of the sample a by 20 

45 - 30%. ~ 

Thus the fiber according to the invention is an excellent infrared-ray fiber and offers the following 
advantages: 

(1) Infrared light which is apt to escape from the optical fiber can be enclosed in the core. 

(2) There is no limiting condition between the refractive index of the core material and the refractive 
50 index of the aitematey laminated multi-layer film forming a cladding. 

(3) Even if a mechnically reinforcing layer is provided on the outside of the fiber so as to be in close 
contact with the fiber, the reinforcing layer is not heated. Accordingly, it is easy to provide reinforcement 
of the fiber. 

(4) By the same reason, it is easy to support or fix the fiber. 

55 (5) Because light which is apt to escape from the optical fiber can be enclosed, material around the fiber 
is not heated by absorption of leaked light. 

(6) The optical fiber can be used without cooling even in bad conditions with respect to heat radiation. 

(7) The light transmission capacity of the optical fiber is increased. 
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(8) 8y the alternately laminated multi-layer film, the core can be protected against cegraaation 
water. 

•9) Because Ge is used as one 'ayer within the alternately laminated multi-layer 'ilm, :re : icer 
cannot be degraded or decomposed. 
5 (10) Cost can be saved compared with case where the whole surface of the riber is coated with an 
alternately laminated multi-layer film having a uniform number of layers. 

(11) Because the intermediate portion as well as each of the end portions may ce coated .vith an 
alternating film formed by lamination of at least one repetition cycle, light absorbers cannot be n direct 
contact with the fiber core. Accordingly, the light transmission characteristic is excellent .n stability 

?o compared with the prior art case where only the end portions are coated. 

(12) In the optica) fiber incorporating a metal layer according to the present invention, leakage of light :ut 
of the outer circumference of the optica! fiber is small in comparison with an optical fiber creviced with 
only the alternately laminated multi-layer film clad. 

Fig. 27 is a graph showing a radial distribution of density of 'ight power in a cress section of :he 
rs optical fiber with a metal according to the present invention. The light power in the outer circumferential 
surface of the optical fiber is zero because the light is relected back by the metal layer. 
Therefore, the amount of light power which can be transmitted is further increased. 

(13) The temperture rise of the terminal fixing portion is less because no light power leaks out of the 
optical fiber. Therefore, laser damage hardly occurs in the terminal fixing portion. 

20 (14) The power of light reaching the metal layer has been reduced by the existence of the alternately 

laminated multi-layer film clad. Therefore, the light of such reduced power as described above can be 

perfectly reflected by the metal layer even if the metal layer is thin. 

In an optical fiber provided with a metal layer formed directly on the circumference of a core, there 

has been such a disadvantage that strong light impinges onto the metal layer so that the metal layer 
25 cannot reflect the light perfectly and absorbs a part of the light to raise the metal temperature. In the 

optical fiber according to the present invention, however, the alternately laminated multi-layer film s 

provide, so that th foregoing disadvantage can be eliminated. 

(15) In the case where a silver haiide crystal or a thallium halide crystal is used as the material of :he 
optical fiber core, the core material may be decomposed by ultraviolet light or visible light when the light 
30 enters. 

In the optical fiber according to the present invention, however, there is provided the metal layer 
through which visible light as well as ultraviolet light is not allowed to pass. Therefore, the core material 
is never decomposed due to time aging even when the core material is made of a silver haiide crystal or 
a thallium haiide crystal. 

35 The optical fiber according to the invention may be used, for transmitting a CO2 laser beam, as a 

light transmission line for a laser medically treating equipement. a laser processing machine, or the like. 

The optical fiber according to the present invention can be used as an optical fiber for transmitting 
carbon dioxide laser light for various purposes, such as a transmission line for laser medicine, a 
transmission line for laser machining, etc. 

40 

Claims 

1. An optical fiber, comprising an optical fiber core; and 
45 an optical fiber cladding covering outer peripheral 

surfaces of said core at end portions of said core, said cladding comprising at least one lamination pair 
of a first layer of a first material and a second layer of a second material of predetermined thicknesses 
and differing refractive indices. 

50 2. The optical fiber of claim 1, wherein said second material substantially consists of germanium, said 
thickness of said first layer is not larger than 3.3 am and said thickness of said second layer is not 
larger than 1.45 um. 

3. The optical fib r of claim 1, wherein said second material substantially consists of silver bromide, said 
55 thickness of said first layer is in the range of 0.3 - 7.3 um and said thickness of said second layer is in 

th range of 0.8 - 3.1 um. 

4. An optical fib r comprising an optical fiber core; and and optical fiber cladding covering outer 
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peripheral surfaces of said core at least at end cortions of said core said ::adcing ;orr.c f ;5;rg a: ess 
two famination pairs of a first layer of a first materia! ana a second 'ayer z: a second -arerai : 
predetermined thicknesses and differing refractive indices "herein -here are a number - : ; j-a, 
'amination pairs at said end portions of said core and there are a r umoer m cf said am.i^auon ca.- 
covering said core at an intermediate portion between said end portions and n > n > Q. 

5. The optical fiber of claim 1 or 4, wherein said core substantially consists of one member se ! ec:sa : r:~ 
, :he group consisting of a thallium chloride crystal, a :haiiium bromide crystal, a ^raiiium cade :rv3*a 

and mixed crystals thereof. 

6. The optical fiber of claim 1 or 4, wherein said core substantially consists of one member selected fr:~ 
the group consisting of a silver chloride crystal, a silver bromide crystal, a Silver ccide crystal arc 
mixed crystals thereof. 

7. The optical fiber of claim 1 or 4, wherein said core substantially consists of one memoer seiectea ''rem 
the group consisting of a cesium iodide crystals, a cesium bromide crystal, a cesium iccice crystal ara 
mixed crystals thereof. 

3. The optical fiber of claim 1 or 4, wherein said first material substantially consists of lead fluoride anc 
said second material substantially consists of germanium. 

9. The opticaJ fiber of claim 1 or 4, wherein said first material substantially consists of lead fiounde and 
said second material substantially consists of silver bromide or silver chloride. 

10. The optical fiber of claim 1 or 4, wherein said core substantially consists of a thallium halide crystal. 

11. The optical fiber of claim 1 or 4, wherein said core substantially consists of an alkali halide crystal. 
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